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REMARKS 

I. Status of the Claims 

Claims 1-35 were originally filed. As the result of a restriction requirement, 
claims 10-17 and 20-35 have been withdrawn from consideration. 

Upon entry of the present amendment, claims 8, 9, and all withdrawn claims are 
canceled. Claim 1 is amended to recite the full name for the abbreviation of CNG3B, as 
requested by the Examiner. Support for the full name can be found throughout the specification, 
e.g., on page 11, Unes 19-20. The word "additional" is deleted in claim 1. Claims 1, 2, and 7 are 
amended to recite a sequence identity of at least 85%, 90%, and 95% to SEQ ID N0:1, which 
finds support in the specification, e.g., on page 11, lines 22-27. No new matter is introduced. 
Claims 1-7, 18, and 19 remain pending. 

II. Specification 

The specification is amended to delete all reference to browser-executable codes 
embedded in the specification, as requested by the Examiner. No new matter is introduced. 

III. Claim Rejections 

A, 35U.S.C. SlOl 

Claims 1-9, 18, and 19 were rejected under 35 U.S.C. §101 for alleged lack of 
either a specific, substantial, and credible asserted utility or a well established utility. Applicants 
respectfully traverse the rej ection. 

1 . Standard to Assess Utility 

According to MPEP §2107, the Examiner should review the claims and the 
supporting written description to determine whether the utility requirement under 35 U.S.C. §101 
is met. No rejection based on lack of utility should be made if an invention has a well- 
established utility, i.e., a utility that will be immediately appreciated by one of ordinary skill in 
the art based on the characteristics of the invention, regardless of whether any such utility has 
been asserted. Neither should any rejection be made for lack of utility if an applicant has 
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asserted a specific and substantial utility that would be considered credible by one of ordinary 
skill in the art. 

In most cases, an applicant's assertion of utility creates a presumption of utility 
that will be sufficient to satisfy the utility requirement of 35 U.S.C. §101. MPEP §2107.02 HI A. 
The Court of Customs and Patent Appeals stated in In re Langer: 

As a matter of Patent Office practice, a specification which 
contains a disclosure of utility which corresponds in scope to 
the subject matter sought to be patented must be taken as 
sufficient to satisfy the utility requirement of §101 for the 
entire claimed subject matter unless there is a reason for one 
skilled in the art to question the objective truth of the 
statement of utility or its scope. 

In re Langer, 183 USPQ 288, 297 (CCPA, 1974, emphasis in original). To overcome the 
presumption of sufficient utility as asserted by an applicant, the Examiner must carry the initial 
burden to make a prima facie showing of lack of utihty and provide a sufficient evidentiary basis 
for the conclusion. In other words, the Examiner "must do more than merely question 
operability~[he] must set forth factual reasons which would lead one skilled in the art to 
question objective truth of the statement of operability." In re Gaubert, 187 USPQ 664, 666 
(CCPA 1975). 

MPEP §2107.02 IV further states, a detailed explanation should be given for a 
utility rejection as to why the claimed invention has no specific and substantial asserted utility. 
Documentary evidence should be provided when possible. Otherwise the Examiner should 
specifically explain the scientific basis for his factual conclusions. 

2. The Asserted Utility and the Examiner's Rejection 

In the Office Action mailed November 2, 2004, the Examiner alleged that the 
instant specification fails to establish a well-established utility or a specific and substantial 
asserted utility of the claimed invention. As the basis of this conclusion, the Examiner stated that 
since the instant specification does not provide any experimental data demonstrating that the 
claimed CNG3B protein functions as a cycUc nucleotide-gated channel, the determination or 
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confirmation of such claimed biological activity would require xmdue experimentation. See, e.g,, 
paragraph 10 bridging pages 4 and 5 of the Action. 

The instant appUcation asserts a specific and substantial utility of the claimed 
invention. For example, it is asserted on page 7, line 26, to page 8, line 6, that CNG3B is a beta 
subunit capable of complexing with alpha subunits of the family of cyclic nucleotide-gated 
cation channels and that the identification of CNG3B subimits allows screening for modulators 
of cyclic nucleotide-gated cation channels comprising a CNG3B subunit. Because of the 
involvement of known CNG channels in regulating intracellular Ca^"^ level and therefore in 
regulating various biological processes such as Ught sensory and chemotaxis of sperm, and also 
because of the expression pattem of CNG3B in the retina and testis, it is asserted that these 
modulators are useful for treating visual disorders and for modulating male fertility. 

3. The Claimed CNG3B Polypeptides Are Useful for Screening of New Therapeutics 
for Treating Neurological Disorders Related to Cell Excitability 

The CNG3B polypeptides are beta subunits of cyclic nucleotide-gated cation 
channels most highly expressed in the retina and testes. It is well known in the art that this type 
of cyclic nucleotide-gated cation channel plays an important role in regulating intracellular 
cation concentration, eg., Ca^"^ concentration, which can act as a second messenger to regulate a 
number of cellular events and therefore affect the biological functions of the tissue in which the 
cation channels are expressed. See, e.g., page 2, line 8, to page 3, line 2, of the specification and 
references cited therein. 

Because the CNG3B charmels are capable of modulating cytoplasmic Ca^"^ 
concentration, which in turn participates in the regulation of biological functions of tissues 
expressing the channels, these cation channels are therapeutic targets for treating diseases and 
conditions related to abnormal cation influx in the relevant tissues, such as retina and testis. For 
example, modulators of the CNG3B charmels can be expected to be usefiil for treating diseases 
or conditions in the retina and testis, such as vision problems and male infertility {see, e.g., page 
7, line 30, to page 8, line 2, of the specification). 
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The assertion that the CNG3B polypeptide identified by the present inventors is a 
subunit of a cycUc nucleotide-gated ion channel implicated in visual disorders has been 
confirmed by studies published after the effective filing date of this application. For example, 
the work by Kohl et al. (Human Mol Genet., 2000, 9:2107-21 16, attached as Exhibit A) 
demonstrates that human CNG3B (termed CNGB3 in the reference), a homolog of CNGA3, is 
specifically expressed in the retina and its mutants are foimd in families with hereditary visual 
abnormalities such as achromatopsia. Moreover, two papers by Peng et al (Peng et al,J. Biol 
Chem,, 2003, 278:24617-24623, attached as Exhibit B; and Peng et al, /. Biol Chem., 2003, 
278:34533-34540, attached as Exhibit C) further provide convincing evidence that CNG3B 
(termed CNGB3 in the papers) is indeed a subunit that can participate in forming a cyclic 
nucleotide-gated cation channel, which is important for proper visual fimctions. 

The present application provides the amino acid sequence of CNG3B channel 
beta subimit, methods of activating the CNG3B channels, and methods of assaying for 
modulators of the CNG3B chaimels. A skilled artisan, after reading the present application, 
would therefore be able to (1) routinely identify potential modulators of the CNG3B channels 
and (2) determine if such a modulator increases or decreases cytoplasmic cation concentration. 
Treating diseases related to abnormal ion influx by targeting ion channels is a well known 
strategy in the art. Modulators of CNG3B channels, therefore, have utiUty for (1) altering cation 
influx and intracellular cation levels, (2) modulating the biological fimctions of relevant tissues, 
and (3) treating diseases and conditions foimd in these tissues, such as vision problems and male 
infertility. 

Once an ion channel isidentified, its modulators can be routinely identified using 
an assay system that assesses the fimction characteristics of the ion chaimel. The present 
application provides CNG3B polypeptides, as well as methods for activating a CNG3B channel, 
e.g., by increasing the concentration of a cyclic nucleotide. Activators and inhibitors of a 
CNG3B channel can be routinely identified by applying a candidate compound to cells 
expressing the CNG3B channel while applying a cycKc nucleotide, eg., cAMP, to the cells and 
measuring the effect on the level of cation flow through the CNG3B channel. After reading the 
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present application, one of ordinary skill in the art would therefore know how to identify CNG3B 
channel modulators that are useful for modulating intracellular cation concentrations in the 
relevant tissues. 

AppUcants thus contend that the asserted utility for the present invention is one 
supported by the general knowledge in the relevant field and a person of ordinary skill in the art 
would find such utility credible. 

4. The Asserted Utility is Specific, Substantial, and Credible 

Applicants contend that the disclosiu*e of CNG3B polypeptides as subunits of 
functional cychc nucleotide-gated cation channels, combined with the methods disclosed in the 
specification and the level of skill in the art, is sufficient to establish a credible specific and 
substantial utility xmder the definitions provided by the MPEP. 

Specific Utility 

Applicants assert that the present invention has a specific utility. Specific utility 
is defined by the MPEP as a utility that is specific to the subject matter claimed. The MPEP 
explains that appUcations show sufficient specific utility when applicants disclose a "specific 
biological activity" and reasonably correlate that activity to a "disease condition." MPEP 
§§2107.01 and 2107.02. In the present application, Appellant discloses a "disease condition," 
z.e., altered cytoplasmic cation concentration, that correlates with a "biological activity," Le,, the 
opening and closing of the CNG3B channels. This application teaches that the CNG3B channels 
modulate intracellular cation concentration. The application further provides methods for 
identifying modulators of the CNG3B channels capable of modulating cation influx, e.g., for the 
treatment of ahered biological fimctions in tissues expressing the CNG3B channels, such as 
abnormalities found in the retina {e.g., vision disorders) or testes (e.g., male infertility). 
Applicants thus submit that the present invention has a specific utility, namely that CNG3B 
channels can regulate cation concentrations in the cells of certain tissues, which is clearly 
specific for the claimed CNG3B channels and not just any ion channels. 
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Substantial Utility 

Applicants also assert that the present invention has a substantial or "real-world" 
use. This invention provides CNG3B polypeptides. The application also teaches that CNG3B 
channels modulate intracellular cation concentration in certain tissues and teaches how to assay 
the function of a CNG3B channel and how to identify modulators of the CNG3B channels. For 
example, on pages 42-45 of the specification, assays are provided that can be used to screen for 
inhibitors and activators of the CNG3B chaimels, e.g., assays that involve measimng current, 
measuring membrane potential, measuring ion flux, or measuring patch-clamp 
electrophysiology. The present invention therefore has a real-world use in the modulation of 
intracellular cation concentration, as well as in the identification of compounds that modulate the 
CNG3B channels and thus can be useful as therapeutic agents for treating diseases related to 
altered functions in tissues expressing CNG3B, such as vision disorder or male infertility. 

Credible Utility 

Finally, Applicants contend that the asserted utiUty of the present invention is 
credible, /.e., would be believable to one of skill in the art. Applicants submit that an ordinarily 
skilled artisan, after reading this appUcation, would know (a) how to identify the CNG3B 
channels; (b) how to identify modulators of the CNG3B chaimels; and (c) how to use these 
modulators so identified to modulate cellular cation concentration and therefore cellular function. 
Because many currently marketed drugs treat a wide variety of diseases or conditions by 
targeting ion channels, one skilled in the art would believe that the identification of a new cation 
channel is useful for developing new therapeutics. 

5, The Examiner's Rejection Is Not Supported by Objective Reasons 

Despite the assertion of a specific and substantial utility of the claimed invention 
in the specification, the Examiner apparently did not believe this asserted utility. For example, 
the Examiner stated in the Office Action that "[t]he instant specification fails to provide any 
experimental data or information on whether the CNG3B protein encoded by the claimed nucleic 
acids set forth as SEQ ED N0:2 or SEQ ID N0:3, functions like a cycUc nucleotide-gated ion 
channel " (page 5, lines 6-9, of the Office Action). The Examiner cited three references by Firm 
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et al, Skolnick et al, and Bork to question the assertion that the CNG3B polypeptide is a subunit 
of a cyclic nucleotide-gated cation channel. 

According to the MPEP, raising a rejection for lack of utility requires the 
Examiner to carry the initial burden, not Apphcants, to provide evidence to support a factual 
conclusion of the credibiUty of an asserted utiUty, In fact, MPEP §2107.02 III.B. specifically 
cautions Office personnel that, once an assertion of a particular utility is made, "that assertion 

cannot simply be dismissed as 'wrong,' even when there may be reason to believe the 

assertion is not entirely accurate." Listead, the Examiner must provide an explanation setting 
forth the reasoning used in concluding that the asserted specific and substantial utility is not 
credible; support for factual findings relied upon in reaching the conclusion; and an evaluation of 
all relevant evidence of record, including utihties taught in the closest prior art. MPEP §2107.02 
IV. 

In the present application, it is asserted that human CNG3B is a subimit of a 
cyclic nucleotide-gated ion chaimel, since it has a significant level of overall amino acid 
sequence homology to human CNGl A and CNG3A as well as a particularly high level of 
homology in the region of 210-661 of CNG3B, a region known in the art for defining members 
of the CNG family (see Figure 1 and Example 1 on pages 62-63). Also, the 210-661 region of 
CNG3B has a greater than 81% sequence identity to the corresponding regions of mouse CNG6 
(see the bridging paragraph between pages 62 and 63). 

In contrast, the Examiner relied on the three references by Finn et al, Skolnick et 
al, and Bork to conclude a lack of credible asserted utility. Applicants contend that this reliance 
is misplaced, because these references are not immediately relevant to the credibility of 
CNG3B's asserted role as a subunit of a cycUc nucleotide-gated cation channiel and therefore do 
not provide reasonable support for the Examiner's doubts about the credibility of the asserted 
utility of the claimed invention. For example, the Bork et al and Skobiick et al references 
provide some general discussions about the pitfalls in predicting protein fimction on the basis of 
amino acid sequence homology. Applicants do not dispute that such sequence-based fimctional 
prediction for newly identified open reading fi-ames has only limited accuracy and reliability. It 
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is noted, however, that there exists an increasingly high probability of correct functional 
predication as the level of sequence homology increases both overall and in regions that are 
known to be characteristic of a particular type of proteins, e.g., the common motif of the six 
transmembrane domains found among subunits of cyclic nucleotide-gated ion channels. 

The Examiner pointed to Box 2 of the Skohiick reference to argue that similar 
protein structure does not support the conclusion of similar protein function. Applicants do not 
agree with the Examiner's overly broad interpretation of the teaching by Skohiick et al, 
particularly the interpretation of Box 2. What Box 2 teaches is that generally similar protein 
structures (such as how the proteins fold) that are used for defining protein super famiUes do not 
indicate similar functions of these proteins. This is without question a correct statement when 
protein structural similarities are viewed at such a large scale, eg., at the level of general 
organization of major domains. Anyone of skill in the art would know that, as an example, the 
immunoglobulin-like superfamily encompasses a huge variety of proteins of drastically diverse 
functions, e.g., antibodies, cell surface receptors, etc. Yet, Applicants contend that such lack of . 
similarity in protein functions resides in the fact that the structural similarity at this level does not 
necessarily require any significant homology in the primary amino acid sequence. When protein 
structure similarity refers to similarity at a much smaller scale, e.g., at the level of amino acid 
sequence identity, the amino acid sequence similarity and the structiiral similarity resulted 
therefrom are far more likely to support a functional similarity. 

Moreover, as far as ion channels are concerned, there exists an abimdance of 
knowledge of well-defined ion channel families and the conraion structural features for each 
family, for instance, the conserved region of a cyclic nucleotide-gated cation channel containing 
the signature six transmembrane domains, or the pore region, or the cytoplasmic cyclic 
nucleotide binding domain (see, e.g., Finn et al). This is precisely why there is a much higher 
likelihood that a new member of a ion channel family can be correctly recognized based on 
sequence homology and structural similarity. The Bork and Skohiick references simply do not 
address this particular consideration. Applicants contend that, given the state of the art in the 
field of ion channel research, a sequence homology set forth in the present application (e.g., 
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Figure 1) is sufficient to support a conclusion that CNG3B belongs to the cyclic nucleotide-gated 
ion channel family. 

The Finn et al reference discusses the diverse features among cyclic nucleotide- 
gated ion channels. These discussions focus on the different signaling pathways these ion 
chaimels are involved in (e.g., in the visual and olfactory sensory pathways) and the different 
mechanisms by which they are regulated (e.g., cyclic nucleotide-activated or cyclic nucleotide- 
modulated). This review article provides general discussions about various ion charmels 
expressed in different tissues and having different functional characteristics. Yet the discussions 
do not address what level of sequence homology would reasonably support a conclusion that a 
newly described protein is a member of a known class of ion channels. Thus, the Finn et al 
reference is not directly relevant to the question whether a protein such as CNG3B described by 
the present inventors can be reasonably accepted as a cychc nucleotide-gated cation channel, 
when the protein has a significant level of sequence homology to known cyclic nucleotide-gated 
ion chaimels, particularly in a region recognized in the art as a characteristic for this class of ion 
chaimels. At the very least, this reference does not provide sufficient basis, as described by 
MPEP §2107.02.m.B., for the Examiner to doubt the role of CNG3B as a cychc nucleotide- 
gated cation channel. 

As such, Applicants submit that the Examiner has not provided any reasonable 
objective reasons why CNG3B*s asserted functional role as a cyclic nucleotide-gated cation 
channel is not credible or why the asserted utility of the claimed invention based on this asserted 
function is not credible, particularly when post- filing information has akeady confirmed the role 
of CNG3B as a subunit of a cycUc nucleotide-gated ion channel as asserted in the specification. 

6- Claims Drawn to Fully Characterized Proteins Meet the Utility Requirement under 
35 U.S.C. §101 

The claimed CNG3B channels are fully characterized both structurally and 
functionally. The CNG3B polypeptides are claimed by shared structural features, e.g., having at 
least 85% identity to the amino acid sequence of SEQ ID N0:1, and shared functional features, 
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e.g., capable of forming a cyclic nucleotide-gated cation channel with at least one additional 
CNG alpha subunit. 

According to the Revised Interim Utility Guidelines Training Materials (the 
"Guidelines") promulgated by the PTO (http://www.uspto.gov/web/menu/utility.pdf), a 
characterized protein has sufficient utihty for patentability. This standard is made evident from 
Example 8 on page 45 of the Guidelines, wherein a compound A is disclosed to inhibit enzyme 
XYZ, a well known enzyme, in vitro. The hypothetical specification states that the compoimd A 
can be used to treat diseases caused or exacerbated by enzyme XYZ. No such diseases are named. 
Claim 1 is directed to compound A. Claim 2 is directed to a method of treating a disease caused 
or exacerbated by enzyme XYZ consisting of administering an effective amoimt of compound A 
to a patient. In the subsequent analysis, claim 2 is deemed to be insufficiently supported by a real 
world context of use. This is because neither the specification nor the art of record discloses any 
disease or conditions caused or exacerbated by enzyme XYZ and therefore, the asserted utility is 
seen as a method of treating an unspecified and imdisclosed disease or condition, which does not 
define a "real world" context of use. Claim 1, however, is regarded as having utility because 
claim 1 is directed to a compound that inhibits an enzyme and enzymes have well established 
utility in the art, i.e., catalyzing certain reactions. 

This hypothetical example can be compared to the present application. The 
present application claims CNG3B cation chaimels, which are analogous to compound A in the 
Guidelines that inhibits enzyme XYZ. The present specification states that the CNG3B channels 
are likely involved in modulating cytoplasmic cation concentration and cellular functions in the 
relevant tissues. Thus, the ion chaimels can be used as targets for treating disorders related to 
abnormal cellular functions in these tissues. In Example 8 of the Guidelines, claim 1 directed to 
compound A is foimd to have utility even though there is no disclosure of specified disease to be 
treated . Accordingly, even if the Examiner is not convinced that the claimed CNG3B chaimels 
are involved in regulation of intracellular cation levels and cellular function in tissues expressing 
the channels, a claim directed to compound A, i.e., the CNG3B cation channels in the present 
case, have sufficient utility for patentability. The utility resides in the fact that the claimed 
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polypeptides are cation channels subunits, which, like enzymes, have a well-established utihty in 
the art: modulating the passage of caions according to varying conditions. 

Analysis of the pending claims according to the Guidelines therefore further 
supports Applicants' position that the rejection for lack of utility is improper. 

7. Finding Sufficient Utility in the Present Application is Consistent with the Policy of 
Encouraging Early Disclosure 

Our patent law places much emphasis on encouraging early disclosure of 
inventions. This is a particularly relevant poUcy consideration in case law involving the utility 
standard under 35 U.S.C. §101. hi Brenner v. Manson, 148 USPQ 689 (US Sup. Ct. 1966), for 
instance, the Supreme Court ruled that a process to produce a compound may be patented only if 
the compound has "substantial utility," "specific benefit ... in currently available form." 
Whether granting patent protection to the discovery of a new process or compound with a yet 
unknown practical utility would encourage prompt disclosure of inventions was one factor the 
Court carefully considered and to a significant extent relied upon in reaching the landmark . 
decision. 148 USPQ at 695. 

In Nelson v. Bowler, 206 USPQ 881 (CCPA 1980), the CCPA was confi-onted 
with a situation where the claimed compoimd, 16-phenoxy-substituted prostaglandin, was shown 
to have some pharmacological activity, Le., causing changes in blood pressure in the rat blood 
pressure test and stimulation of smooth muscles in the gerbil colon smooth muscle stimulation 
test, yet no specific therapeutic use for the compound was established. Li deciding the question 
of utihty, the CCPA stated: 

Knowledge of the pharmacological activity of any compound is 
obviously beneficial to the public. It is inherently faster and 
easier to combat illness and alleviate symptoms when the medical 
profession is armed with an arsenal of chemicals having known 
pharmacological activities. Since it is crucial to provide 
researchers with an incentive to disclose pharmacological 
activities in as many as compounds as possible, we conclude that 
adequate proof of any such activity constitute a showing of 
practical utility. 
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Nelson, 206 USPQ at 883. The present case is analogous to Nelson. Because abnormal ion 
infliix and altered cellular functions are known to cause or are related to various diseases and 
disorders, compounds capable of modulating ion channels, such as cyclic nucleotide-gated cation 
channels, are useful as therapeutic agents for treating these conditions. Assays for screening of 
these ion charmel modulators is thus beneficial to the public and the disclosure of how to perform 
these assays should be encouraged. The present application provides just this kind of disclosure. 
To hold that the present invention lacks sufficient utility under 35 U.S.C. §101 to warrant patent 
protection would be inconsistent with the underlying policy of case law and create a strong 
disincentive for researchers to disclose their inventions of this type. 

8. Summary 

In light of the foregoing discussion, AppUcants believe that the utility rejection 
under 35 U.S.C. §101 is improper and should be withdrawn. 

B. 35 U.S.C. §112. First Paragraph: Enablement 
Utility-Based Enablement Rejection 

Claims 1-9, 18, and 19 were also rejected under 35 U.S.C. §1 12, first paragraph, 
for alleged lack of enablement. The Examiner asserted that since the claimed invention does not 
have a patentable utility, one of skill in the art would not know how to use the invention. In hght 
of the above discussion, Applicants trust that sufficient utility under 35 U.S.C. §101 has been 
established. Thus, the withdrawal of the enablement rejection based on the alleged lack of utility 
is respectfully requested. 

Scope-Based Enablement Rejection 

Claims 1, 2, 5, and 7-9 were further rejected under 35 U.S.C. §112, first 
paragraph, for alleged lack of enablement, as the Examiner argued that the specification does not 
properly enable the full scope of the claimed invention. Applicants respectfully traverse the 
rejection in light of the present amendment. 

A claimed invention is enabled when the disclosure allows one of ordinary skill in 
the art to make and use the invention without undue experimentation. MPEP §2164.01. The test 
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for enablement as set forth in In re Wands, 8 USPQ2d 1400 (Fed. Cir. 1988), requires the 
consideration of multiple factors: the breadth of the claims; the nature of the invention; the state 
of the prior art; the level of predictability in the art; the amount of direction provided by the 
inventor; the existence of working examples; and the quantity of experimentation needed to 
make or use the invention based on the content of the disclosxire. 

In the present case, the claims are directed to a nucleic acid encoding a CNG3B 
subunit of a cyclic nucleotide-gated cation channel, which has well-defined structures and 
readily testable functional features. The specification contains ample directions to practice the 
invention. For example, the application provides cloning methods for isolating the 
polynucleotide sequences encoding CNG3B (e.g., page 26, line 28, to page 29, Une 18; Example 
I on pages 61-63); the application also teaches the methods for expressing CNG3B in prokaryotic 
and eukaryotic cells (eg., page 29, line 21, to page 31, line 32) and purifying recombinant 
CNG3B polypeptide (e.g., page 32, line 6, to page 35, line 3); the application fiirther describes 
the methods for immunological detection of CNG3B polypeptide (e.g., page 35, line 6, to page 
42, line 19); the application in addition offers assays for analyzing the electrophysiological 
characteristics of CNG3B and assays for screening compounds that modulate ion flow through a 
CNG3B (e.g., page 42, line 23, to page 46, line 2). As such, a large amount of detailed direction 
is given in the present disclosure for practicing the claimed invention. 

The level of technical sophistication is high in the art, and variants of the cyclic 
nucleotide-gated cation charmel subunit can be readily tested according to the methods 
commonly used by those skilled in the art or the methods taught by the specification (such as 
nucleic acid or amino acid sequence comparison, nucleic acid hybridization assays, and assays 
for ion chaimels with the characteristics of cyclic nucleotide-gating) to eliminate inoperable 
embodiments, MPEP §2164.01 states, complex experimentation is not necessarily undue, if the 
art typically engages in such experimentation. In the present case, although some 
experimentation may be involved to practice the claimed invention using embodiments other 
than those specifically described in the application, such experimentation utilizes well- 
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established techniques and is the type routinely conducted in the art. Thus, the experimentation 
does not constitute undue experimentation. 

Taken together, analysis of the Wands factors indicates proper enablement of the 
claimed invention. Apphcants thus respectfully request the withdrawal of the enablement 
rejection. 

C. 35 U.S.C. §112. First Paragraph: Written Description 

Claims 1-9, 18, and 19 were further rejected under 35 U.S.C. §112, first 
paragraph, for alleged lack of sufficient written description. Applicants respectfully traverse the 
rejection, particularly in light of the present amendment. 

Possession of claimed invention may be shown by a variety of descriptive means, 
including words, structure, figures, diagrams, and formulas. MPEP §2163 I. Case law provides 
more specific guidance in setting the standard for written description. 

As discussed above, the amended claims are now directed to an isolated nucleic 
acid that encodes for a polypeptide, which can form a cyclic nucleotide-gated cation channel 
with at least one alpha subunit and comprises a subsequence having at least 85% amino acid 
sequence identity to SEQ ID NO: 1 . The amended claims fully comply with the requirements for 
written description of a chemical genus as set forth in University of California v. Eli Lilly & Co., 
43 USPQ2d 1398 (Fed. Cir. 1997). As described by the Federal Circuit in Lilly, "[a] description 
of a genus of cDNAs may be achieved by means of . . . a recitation of structural features 

common to the members of the genus " Lilly, 43 USPQ2d at 1406. Furthermore, the court 

in Fiers v. Revel stated that an adequate written description "requires a precise definition, such as 
by structure, formula, chemical name, or physical properties." Fiers, 25 USPQ2d 1601, 1606 . 
(Fed. Cir. 1993). 

On the other hand, proper description of functional features of a claimed 
invention can play an important role in satisfying the vmtten description requirement. The 
Federal Circuit recently stated that ''Lilly did not hold that all functional descriptions of genetic 
material necessarily fail as a matter of law to meet the written description requirement; rather. 
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the requirement may be satisfied if in the knowledge of the art the disclosed function is 
sufficiently correlated to a particular, known structure." Amgen Inc. v. Hoechst Marion Roussel 
Inc., 65 USPQ2d 1385, 1398 (Fed. Cir. 2003). 

With regard to the claimed nucleic acids, pending claims set forth both functional 
features, e.g., encoding a CNG3B polypeptide capable of forming a cyclic nucleotide-gated 
cation channel with at least one alpha subunit, and structural features, e.g., comprising a 
subsequence having at least 85% amino acid sequence identity to SEQ ID NO:L The percentage 
sequence identity between a polypeptide and a reference amino acid sequence is a 
physical/structural property of the polypeptide, because such percentage identity reUes upon the 
amino acid sequence of the polypeptide. In txim, this is a physical/structxiral property of the 
nucleic acid encoding for the polypeptide, because the amino acid sequence of the polypeptide 
depends on the polynucleotide sequence of the nucleic acid. The pending claims therefore set 
forth commonly shared structural features of the claimed nucleic acids. 

Thus, both structural and functional features commonly shared by the claimed 
genus have been described in detail, which "clearly allow persons of ordinary skill in the art to 
recognize that [the applicant] invented what is claimed." Vas-Cath Inc. v. Mahurkar, 19 
USPQ2d 1111,1116 (Fed. Cir. 1991). Such description is consistent with the standards set forth 
in both Lilly and Amgen. Applicants thus respectfully request the withdrawal of the written 
description rej ection. 

D. 35 U.S.C. §112, Second Paragraph 

Claims 1-9, 18, and 19 were also rejected imder 35 U.S.C. §112, second 
paragraph, for alleged indefiniteness. Specifically, the Examiner objected to the use of the 
abbreviation of CNG3B in claims 1 and 8. In response, claim 1 has been amended to spell out 
the fiill name of CNG3B. Claim 8 is canceled. The Examiner also held that the term "at least 
one additional alpha subunit" in claim 1 indefinite, since there is no previous reference to any 
alpha subunit. Upon entry of the present amendment, the word "additional" has been deleted 
from claim 1. In addition, claim 7 was rejected for alleged indefiniteness for reciting the term 
"moderately stringent conditions." As amended, claim 7 no longer recites this term. 
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In light of the present claim amendment. Applicants submit that all indefiniteness 
rejections have been properly addressed. Their withdrawal is respectfully requested. 

CONCLUSION 

In view of the foregoing, Applicants believe all claims now pending in this 
Application are in condition for allowaiice. The issuance of a formal Notice of Allowance at an 
early date is respectfully requested. 

If the Examiner believes a telephone conference would expedite prosecution of 
this application, please telephone the undersigned at 925-472-5000. 



Respectfully submitted, 




Chuan Gao 
Reg. No. 54,111 
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Achromatopsia is an autosomal recessive disorder featuring total colour blindness, photophobia, reduced 
visual acuity and nystagmus. While mutations in the CNGA3 gene on chromosome 2q11 are responsible for 
achromatopsia in a subset of patients, previous linkage studies have localized another achromatopsia locus, 
ACHM3, on chromosome 8q21. Using achromatopsia families in which CNGA3 mutations have been 
excluded, we refined the ACHM3 locus to a 3.7 cM region enclosed by markers D8S1838 and D8S273. Two 
yeast artificial chromosome (YAC) contigs covering nearly the entire ACHM3 interval were constructed. Data- 
base searches with YAC content sequences identified two overlapping high throughput genomic sequencing 
phase (HTGS) entries which contained sequences homologous to the murine cng6 gene encoding the puta- 
tive p-subunit of the cone photoreceptor cGMP-gated channel. Using RT-PCR and RACE, we identified and 
cloned the human cDNA homologue, designated CNGB3, which encodes an 809 amino acid polypeptide. 
Northern blot analysis revealed a major transcript of -4.4 kb specifically expressed in the retina. The human 
CNGB3 gene consists of 1 8 exons distributed over -200 kb of genomic sequence. Analysis of the CNGB3 gene 
in achromats revealed six different mutations including a missense mutation (S435F), two stop codon muta- 
tions (R203X and E336X), a 1 bp and an 8 bp deletion (1148delC and 819-826del) and a putative splice site 
mutation of intron 13. The 1148delC mutation was identified recurrently in several families, and in total was 
present on 11 of 22 disease chromosomes segregating in our families. 



INTRODUCTION 

Achromatopsia (rod monochromacy, total colour blindness) is 
a rare, autosomal recessively inherited ocular disorder charac- 
terized by low visual acuity, central scotoma, nystagmus, 
photophobia and the complete disability to discriminate 
between colours (1). Electroretinographic recordings (ERGs) 
in patients show that rod photoreceptor function is normal, 
whereas cone photoreceptor function cannot be established. 

Recently, we showed that mutations in the CNGA3 gene 
cause achromatopsia linked to the ACHM2 locus on chromo- 
some 2qll (2). CNGA3 encodes the a-subunit of the cGMP- 
gated channel in cone photoreceptors, a key player of the 
phototransduction cascade responsible for the membrane 



hyperpolarization on light stimulation of photoreceptors. Anal- 
ysis of the homologous knock-out mouse model showed 
complete absence of physiologically measurable cone func- 
tion, decrease in the number of cones in the retina and morpho- 
logical abnormalities of the remaining cones (3), 

However, achromatopsia in man is not a genetically homo- 
genous condition. Linkage analysis in pedigrees from the 
Pingelap islander population and a large Irish pedigree excluded 
the ACHM2ICNGA3 locus but detected linkage with markers 
on chromosome 8q21 and defined a new achromatopsia locus 
ACHM3 (4,5), Homozygosity intervals identified in the 
Pingelap pedigrees localized the ACHM3 locus to an interval 
of -5 cM between markers D8S1757 and D8S273. Yet no cone 
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photoreceptor-specific candidate gene has been mapped to this 
region, making it necessary to employ positional cloning strat- 
egies to identify the gene responsible for ACHM3, 

Here we report the genetic and physical mapping of the 
ACHM3 region, the identification and cloning of the CNGB3 
gene within the critical region and the detection of mutations 
responsible for achromatopsia linked to chromosome 8q21. 

RESULTS 

Genetic mapping 

We defined a subset of 1 1 achromatopsia families based on the 
exclusion of CNGA3 mutations and discordant marker 
segregation for the corresponding ACHM2 locus on chromo- 
some 2ql 1 (Fig. 1 A). Linkage analysis in the combined set of 
families with polymorphic markers spanning an interval of 
-20 cM on chromosome 8q21 resulted in a two-point LOD 
score of >3.0 for markers D8S1697, D8S1838, D8SI67 and 
D8S273. The highest combined LOD score of 5. 1 was obtained 
for D8SI838 at 0 = 0.0 (data not shown). The order of markers 
used for genetic fine mapping was based primarily on 
published genetic data (6,7; http://www.genethon.fr , http:// 
www.marshmed.org/genetics/ ) and physical mapping data (8; 
http://www.genome.wi.mit.edu/cgi-bin/contig/phys-map ), The 
order ctn~D8S543-D8S279-D8S2324-D8S541-D8Sl 705- 
D8S1757-D8S275'D8S525-D8S169-D8S1838-D8S167- 
D8S1707-D8S273~D8S88~D8S270~D8S1699-D8S1822-it[ 
was most consistent with already published data and results 
herein derived from meiotic breakpoint mapping, homo- 
zygosity intervals and sequence-tagged site (STS) content 
mapping data (see below). On haplotype reconstruction, 
closest meiotic recombinations were observed for D8S1757 at 
the centromeric border in an affected subject (11:1) in family 
CHR08 and for D8S88 at the telomeric border in an unaffected 
sibling (11:3) in family CHR017 (Fig. IB). However, due to 
the small size of the respective families, those data had to be 
considered preliminary. Additional mapping evidence was 
obtained widi the observation of significant marker homozy- 
gosity intervals in patients from four families (CHR04, 
CHR019, CHR092 and CHR0183). Among these, a patient 
of the Pingelap islander population (subject 11:1 in family 
CHR0183) showed homozygosity for eight consecutive 
markers telomeric to D8S1838 (Fig. IB). Taking into account 
the data reported by Winick et at. (4), our results suggest the 
ACHM3 locus to be localized within a 3.7 cM region between 
D8S1838 and D8S273. 

Physical mapping 

Based on the Whitehead framework map and additional 
screening efforts, we collected yeast artificial chromosome 
(YAC) clones mapping to 8q21 in order to build a physical 
map of the ACHM3 region. Individual YAC colonies were 
typed for known short tandem repeat (STR) and STS 
markers retrieved from public databases (8,9; http:// 
www.genome.wi.mit.edu/cgi-bin/contig/phys-map/ and http:// 
www.ncbi.nlm.nih.gov/genemap/ ) as well as for additional 
STSs generated from YAC end and Alu-vectorette PCR prod- 
ucts. We thus obtained a YAC contig of -6.5 Mb size between 
markers D8S1757 and D8S167, and another contig including 



marker D8S273 and further distal markers (Fig. 2). Efforts to 
cover the gap between both contigs with . additional YAC 
clones from either the CEPH or the ICRF YAC library failed. 
Right end sequences of both CEPH 790_a_07 and CEPH 
952_g_02 clones matched to unordered sequences of the 
chromosome 8 bacterial artificial chromosome (BAC) clone 
RP11-386D6 (GenBank accession no. AC021132). BLAST 
analysis showed that AC021132 also contains D8SI707, thus 
extending the YAC contig to this marker. Similarly, the left 
end sequence of CEPH 765_g_08 gave a hit to high throughput 
sequencing phase (HTGS) BAC clone RPl 1-480D11 
(GenBank accession no. AC021991) which also contains STS 
WI-2030 and overlaps with the finished D5527i-containing 
BAC clone CTB-118P5 (GenBank accession no. AC005066). 
Sequence sampling of YAC content sequences and their use in 
database searches proved particularly useful to link unmapped 
HTGS sequences to the ACHM3 region. For example, 
sequences encoding the IMPA and the CAl genes were identi- 
fied and placed on the physical map (STS IMPA-PM and 
SHGC-31642 in Fig. 2). 

Identification of the human CNGB3 gene 

The HTGS sequence AC021132 identified with YAC end 
sequences (see above) virtually overlaps with another HTGS 
sequence (AC013751) derived from BAC RP11-298P6, Anal- 
ysis of these sequences with the NIX software package 
provided significant sequence matches with the mouse cng6 
cDNA encoding the putative P-subunit of the cGMP-gated 
channel in cone photoreceptors (10). 

Amplification of a human genomic segment encompassing 
sequences homologous to the mouse cDNA with samples of 
the NIGMS monochromosomal hybrid panel resulted in a 
product only with DNA from the human chromosome 8 cell 
line NA10156B, and thus provided additional experimental 
evidence for the location of cng5-homologous sequences on 
human chromosome 8 (data not shown). 

Using primers derived from the crtg5-homologous human 
genomic sequence, we performed RT-PCR and RACE experi- 
ments with human retinal RNA to amplify and clone the 
orthologous human cDNA, designated CNGB3, according to 
the HUGO nomenclature committee. Two cDNA species 
differing in length by 250 bp were identified by 3' rapid ampli- 
fication of cDNA ends (RACE). Comparison with the genomic 
sequence indicated that these different cDNAs represent tran- 
scripts with alternative polyadenylation sites. The overlapping 
cDNA sequences revealed a combined cDNA length of 4119 
and 4369 bp, respectively, with an open reading frame of 809 
codons from the first in-frame ATG, 46 bp of 5'-untranslated 
region (UTR) and 1896 bp of 3'-UTR sequence for the longer 
transcript. Three heterozygous polymorphisms were detected 
at the cDNA level in directly sequenced RT-PCR products: an 
A— ^C single nucleotide polymorphism (SNP) at nucleotide 
position 892 (nucleotide 1 refers to the first nucleotide of the 
ATG start codon) resulted in a threonine to proline substitution 
at amino acid position 298 (T298P) in comparison with the 
genomic BAC sequence, a silent A— >G SNP at nucleotide 
2214 and an A->G SNP at nucleotide 2264 exchanging glycine 
for glutamic acid at amino acid position 755 (E755G). Anal- 
ysis of the expressed sequence tag database (dbEST) identified 
only few matching human cDNA sequences, mainly from 
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Figure 1. Pedigrees of achromatopsia patients analysed in this study and refined genetic mapping of the ACHM3 locus. (A) Pedigrees of the 11 AC//Af3-linked 
achromatopsia families investigated. Segregation of CNGB3 mutations for available family members is indicated: +, wild-type allele; ?, an as yet unidentified 
mutation (see text). (B) Schematic summary of refined genetic mapping results. Shaded bars represent disease-associated sections, and clear bars recombinant 
normal sections of chromosome 8q for four affected patients and one unaffected sibling (pedigree identifier and status symbol given on the right) as reconstructed 
from genotyping of ordered markers from cenU-omere to telomere (top line). The maternal (Ma) and paternal (Pa) origin of the inherited chromosomes is indicated 
on the left. PI and P2 indicate unresolved parental origin (both parents not available), and parentheses indicate parental haplotypes reconstructed from the offspring. 
On the haplotype bars, solid circles represent disease-associated marker alleles, open circles non-disease-associated alleles, and crosses non-informative marker 
alleles. Sections distal to the arrowheaded brackets represent regions of marker homozygosity in pedigrees CHRO 19 and CHRO 183. 



pineal gland, which cluster in three separate Unigene entries 
(Hs. 1 14 100, Hs. 1 54433 and Hs. 1 80 136). 

The deduced human CNGB3 polypeptide is 115 amino acids 
longer than the murine counterpart due to a C-terminal exten- 



sion. Its molecular mass was calculated as 92.2 kDa and it 
contains a high proportion of hydrophobic amino acids typical 
for membrane proteins. Functional domains including trans- 
membrane helices and the cGMP-binding domain are highly 
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Figure 2. Physical mapping of the ACHM3 region and location and structure of the CNGB3 gene. From top to bottom: genetic mapping intervals reported by 
Wmick et al. (4) and those found in this study. Below is given the order of genetic markers and STSs used to generate the physical map of the ACHM3 region. Two 
non-overlapping YAC contigs were constructed based on STS content mapping. Vertical lines on the individual YAC bars indicate the presence of the respective 
marker or STS given above. YAC sizes as detennined by PFGE are given below the individual YAC address. Filled circles represent YAC end sequences matching 
various chromosome 8 database sequences by BLAST analysis, and open circles represent end sequences with matches to sequences located on other chromo- 
somes. Below is given an enlarged view of the CNGB3 region. The CNGB3 gene is orientated in telomere to centromere direction, and terminal parts of the Copine 
3 gene were found in opposite orientation distal to CNGB3. Two HTGS phase sequences ACO 13751 and AC021 132 cover the CNGB3 region including all exons 
(1-18) of the CNGB3 gene. Contigs within the HTGS phase sequences were ordered and experimentally verified by additional PAC clones (bottom). 



conserved and display 82% identity at the amino acid sequence 
level between human and mouse (Fig. 3). Neither the murine 
cng6 nor the orthologous human CNGB3 gene encode 
sequences similar to the glutamic acid-rich segment (GARP) 
of the rod cGMP-gated channel p-subunit which is involved in 
the Structural organization of the phototransduction compo- 
nents in rod photoreceptors (1 1) (Fig. 3). 

Northern blot analysis showed a major transcript of -4.4 kb 
in human retina (Fig. 4). In addition, much less abundant tran- 
scripts of -3.6 and 3.0 kb were detected after longer exposures. 
Northern blot and multiple tissue dot-blot hybridizations (data 
not shown) demonstrated that CNGB3 transcripts are 
expressed specifically in the retina. Only after long exposure 
were some faint signals observed in RNA from testis and the 
WERI-Rbl retinoblastoma cell line (data not shown). 

Comparison of the cDNA with the genomic sequence 
(HTGS BAG sequences AC013751 and AC021132) showed 
that the human CNGB3 gene is encoded by 18 exons covering 
-200 kb of genomic sequence (Fig, 2 and Table 1). Exons 1 
and 2 are present on AC021132, whereas the remaining 16 



exons are located in AG013751. AC021132 and AC013751 
overlap by -15 kb of non-coding sequence between exons 2 
and 3. Links between the unordered sequence pieces in the 
HTGS entries and the sizes of all but one non-contiguously 
covered intron sequence were obtained by PGR mapping of 
individual exons and linking PGR amplification with DNA 
from additional phage PI -derived artificial chromosomes 
(PAGs) isolated for the CNGB3 gene (Fig. 2, bottom). The 
exon sizes of the CNGB3 gene range between 51 and 2197 bp 
for the 3'-terminal exon. Exon-intron boundaries show typical 
sequence features and follow the GT-AG rule, except the 
splice donor downstream of exon 13 which presents a GG 
instead of GT (Table 1). In a few instances, the presence of a 
GC dinucleotide at the 5' end of an intron has been described 
(12). 

The CNGB3 gene is orientated in telomere to centromere 
direction. Downstream of the CNGB3 gene we could identify 
eight terrninal exons of the Copine 3 gene also present on 
AC013751. CNGB3 and Copine 3 are arranged in tail-to-tail 
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EISLLAAGGGNRRTANWAHGFANLLTLDKKTLQEILVHYPDSERILMKK 641 
EISLLAKGGGNRRTADWAHGFANLLTLDKKTLQEILLHYPTSKKLLMKK 633 
EISLLAVGGGNRRTANVVAHGFTNLFILDKKDLNEILVHYPESQKLLRKK 1073 



****** ******** 



.****.*.***.*** * 



ARVLLKQKAKTAEATPPRKDLALLFPPKEETPKLFKTLLGGTGKAS 687 

AKILLSQKGKTTQAI PARPGPAFLFPPKEETPRMLKVLLGNTGKVD 679 

ARRMLRSNNKPKEEKS VLILPPRAGTPKLFNAALAMTGKMGGKGA 1118 



LARLLKLKREQAAQKKENSEGGEEEGKENEDKQKENEDKQKE 729 

LGRLLKGKRKTTTQK 694 

KGGKLAHLRARLKELAALEAAAKQQ— ELVEQAKSSQDVKGEEGSAAPDQ 1166 



NEDKGKENEDKDKGREPEEKPLDRPECTASPIAVEEEPHSVRRTVLPRGT 779 
HTHPKEAATDPPAPRTPPEPPGSPP— SSPPPASLGRPEGEEE--GPAEP 1212 



-S3- 



~S4- 



hCNGB3 KHYRTSTKFQLDVASIIPFDICYLFFGFNPMFRANRMLKYTSFFEFNHHL 341 
mcng6 RNYRSSTKFRMDVASLLPFEVLYIFFGVNPIFRANRILKYTSFFEFNHHL 333 
hCNGBl NNYLKSRRFKMDLLSLLPLDFLYLKVGVNPLLRLPRCLKYMAFFEFNSRL 773 



hCNGB3 
hCNGBl 



SRQSLIISMAPSAEGGEEVLTIEVKEKAKQ 809 
EEHSVRICMSPGPEPGEQILSVKMPEEREEKAE 1245 



-S5- 



hCNGB3 ESIMDKAYIYRVIRTTGYLLFILHINACVYYWASNYEGIGTTRWVYDGEG 391 
mcng6 ESIMDKAYVYRVIRTTGYLLFLLHINACVYYWASDYEGIGSTKWVYNGEG 383 
hCNGBl ESILSKAYVYRVIRTTAYLLYSLHLNSCLYYWASAYQGLGSTHWVYDGVG 823 



-Pore- 



-S6- 



hCNGB3 NEYLRCYYWAVRTLITIGGLPEPQTLFEIVFQLLNFFSGVFVFSSLIGQM 441 
mcng6 NKYLRCFYWAVRTLITIGGLPEPQTSFEIVFQFLNFFSGVFVFSSLIGQM 4 33 
hCNGBl NSYIRCYYFAVKTLITIGGLPDPKTLFEIVFQLLNYFTGVFAFSVMIGQM 873 



***♦**.+.*.** 



Figure 3. Amino acid sequence alignment of photoreceptor CNG channel p-subunits. Sequence comparison between the human and murine cone photoreceptor 
P-subunits (hCNGB3, AF272900; mcng6, AJ243572) and the human rod photoreceptor P-subunit (hCNGBl, AF042498). Identical residues in all three sequences 
are marked by asterisks and residues conserved in two of the three sequences are marked by colons. The position and extent of the six transmembrane helices (Sl- 
S6), the pore and the cyclic nucleotide-binding domain are indicated by lines above the alignment. 



configuration and their 3' ends are separated by -12.5 kb of 
genomic sequence (Fig. 2). 

Mutations in the CNGB3 gene in patients with 
achromatopsia 

We then screened the CNGB3 gene in patients from our 1 1 
AC^Mi-Unked famihes by direct sequencing of PGR products 
obtained from amplification of exon segments with primers 
located in flanking intron or UTR sequences. We identified six 
different mutations including a missense mutation (1304C-^T, 
S435F), two stop codon mutations (607C-^T, R203X and 
1006G-^T, E336X), two frameshift deletions of 1 and 8 bp 
(1 148delC and 819-826del), respectively, and a putative splice 
site mutation between exons 13 and 14 (1578+lG— ^A) 
(Table 2), Sequence examples of these mutations are outlined 
in Figure 5. Mutations were found in all AC//MJ-linked families 
except CHR08, and only a single heterozygous mutation was 
identified in patient 11:1 of family CHRO120. Homozygous 
mutations were present in seven cases, including those in 
which marker homozygosity intervals were defined initially 
(Fig. 1). Interestingly, we found the 1 bp deletion mutation 



(1148delC) recurrently in several patients of different 
geographic origin. Patients in families CHR056, CHR092, 
CHR0182 and CHR0184 were homozygous for this mutation, 
and patients in families CHR012, CHR017 and CHRO120 
harbour this mutation on one of the two disease chromosomes. 
Patient 11:4 in family CHR04 carried a homozygous G— >A 
substitution at the first nucleotide of intron 13. Thus, the splice 
donor sequence of this intron is changed from GC to AC. This 
substitution probably abolishes effective splicing between 
exons 13 and 14 and thus leads to premature translation termi- 
nation. Numerous examples of aberrant splicing in cases of 
G— >A substitutions at the first nucleotide position of an intron 
have been described in the literature (13). 

Co-segregation analysis by PCR/restriction fragment length 
polymorphism (RFLP) or single strand conformation polymor- 
phism (SSCP) was performed in all families and was found to 
be consistent with the autosomal recessive mode of inheritance 
in all cases. Moreover, it proved the independent segregation 
of the mutant alleles (Fig. 6). None of the mutations were 
found in 100 healthy controls. 

The S435F mutation was found to be homozygous in patient 
11:2 in family CHR0183, originating from the South Pacific 
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Table 1. Exons and exon-intron boundary sequences of the CNGB3 gene 
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"Sequence positions according to GenBank entry AF272900. 

''Sequence positions within GenBank entries AC021 132 (exons 1 and 2) and AC013751 (remaining exons). 
*=Exon sequences in upper case and intron sequences in lower case letters. 
**The nucleotide mutated in family CHR04 is underlined. 



-0 



4.4 kb- 




Table 2, CNGB3 mutations in patients with achromatopsia 



Figure 4. Expression of the human CNGB3 gene. Northern blot hybridization 
with a CNGB3 cDNA probe detected a major transcript of 4.4 kb in retinal 
RNA. Minor retinal transcripts of -3.6 and 3.0 kb were detectable after pro- 
longed exposures, as well as low levels of CNGB3 transcripts in WERI-Rbl 
and testis RNA samples (data not shown). 



Location 


Alteration in nucleotide 
sequence* 


Alteration in polypeptide/mRNA** 


Ex on 5 


607C->T 


R203X 


Exon 6 


819-826del 


P273fs 


Exon 9 


1006G^T 


E366X 


Exon 10 


1148delC 


T383fs 


Exon 11 


1304C->T 


S435F 


Intron 13 


1578+ IG-^ A 


Splice defect 



"Sequence position within the CNGB3 cDNA (GenBank accession no. 
AF272900) with nucleotide 1 denoting the fu-st nucleotide of the ATG start 
codon. 

''fs, frameshift. 

also conserved in the homologous sequence of the rod P-subunit. 
All other mutations result in a severely truncated polypetide 
lacking important functional elements, i.e. the pore or the 
cyclic nucleotide-binding domain, and thus most probably 
represent null alleles. 



islander population known to exhibit a dramatically increased 
gene frequency for achromatopsia (14,15). The S435F muta- 
tion is located in transmembrane domain S6 and affects an 
amino acid position conserved between human and mouse and 



DISCUSSION 

We have shown recently that mutations in the CNGA3 gene, 
which encodes the a-subunit of the cone cGMP-gated channel, 
are responsible for achromatopsia linked to the ACHM2 locus on 
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1 304C>T (homozygous) 1 57S+I G>A (homozygous) 




1 1 48delC (homozygous) 

Figure 5. Identification of CNGB3 mutations in achromatopsia patients. Electropherogram sections of selected heterozygous or homozygous mutant sequences 
(middle and bottom rows) in comparison with the respective wild-type sequence (top row). The nucleotides altered by the mutations are indicated by arrows. 



chromosome 2qll (2). In this study, we used a positional 
genomics approach to identify the second gene involved in 
achromatopsia, CNGB3, the gene defective in families linked 
to the ACHM3 locus on chromosome 8q21. 

Interestingly, CNGB3 encodes the putative modulatory P- 
subunit of the cGMP-gated channel of cone photoreceptors. 
Gerstner et al. (10) recently have demonstrated for the mouse 
orthologue cng6 that in co-expression experiments the cng6 
gene product modulates the biophysical and electrophysiolog- 
ical behaviour of the functional channel-forming a-subunit. It 
induces flickering channel gating, a decrease in outward recti- 
fication and sensitivity to the blocking agent L-cw-diltiazem, 
similar to native cone cyclic nucleotide-gated (CNG) channels 
(10). 

It has been suggested that native CNG channels represent 
heterotetramers of two a- and P-subunits (16). In heterologous 
expression systems, the a-subunit per se is able to form func- 
tional cation channels (17). In contrast, the P-subunit alone 
cannot conduct measurable ion currents, although the 
secondary structure of the polypeptide is conserved between a- 
and P-subunits, and relevant functional domains (transmem- 
brane helices, pore and cyclic nucleotide-binding domain) are 
also present in the P-subunit (18). Since mutations in either of 
the two genes give rise to a clinically indistinguishable pheno- 
type of complete achromatopsia, it has to be assumed that the 
p-subunit confers some essential function to the native channel 
complex within the context of phototransduction. 



CHR04 



CIIK056 
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GO 
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C 11:1 (h2 
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11:1 11:2 11:3 ll;4 11:5 



Figure 6. Segregation of CNGB3 mutations within selected achromatopsia 
families. Gel lanes are mounted according to the respective subjects in the ped- 
igrees above. The arrows indicate mutant- specific gel bands. (Left) SSCP sep- 
aration of the 1578+lG— >A splice site mutation in family CHR04. Patient 11:4 
carries this mutation on both alleles, whereas all siblings and the parents are 
heterozygous carriers. Lane C, normal control. (Right) Segregation of the 
1148delC mutation in family CHR056 performed by PCR-RFLP analysis 
with Sfcl. All three affecteds are homozygous for this mutation, whereas the 
mother and sibling 11:4 are heterozygous carriers and sibling 11:2 does not carry 
the mutation. 



Whereas mutations in the CNGA3 and CNGB3 genes cause 
achromatopsia, a congenital, stationary disorder of the cone 
photoreceptor system, mutations in the gene for the a-subunit 
homologue in rod photoreceptors have been shown to cause 
autosomal recessive retinitis pigmentosa, a progressive form of 
retinal dystrophy (19). No retinal disorder has yet been 
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associated with the gene encoding the P-subunit of the rod 
cGMP-gated channel. 

We have identified mutations in the CNGB3 gene in all but 
one of our AC/fAfi-linked achromatopsia families. No muta- 
tions could be identified in family CHR08 and only a single 
heterozygous mutation was detected in family CHRO120. The 
simplest explanation for this is that these missing mutations are 
located in an as yet unidentified regulatory region of the 
CNGB3 gene, i.e. the promoter region, or that some disease 
alleles constitute larger deletions unable to be detected by our 
screening strategy. However, due to the low statistical signifi- 
cance of linkage to the ACHM3 locus in the individual family, 
we cannot exclude that achromatopsia in family CHR08 is not 
caused by mutations in the CNGB3 gene but by another gene 
defect. 

The 1 bp deletion mutation, 1 148delC, was found recurrently 
in our patient sample. In total, 11 of the 22 disease chromo- 
somes carry this common mutation. Haplotype analysis based 
on linked microsatellite markers provided no significant 
evidence for a linkage disequilibrium among chromosomes 
carrying the 1148delC mutation (data not shown). Additional 
studies with a larger number of disease chromosomes and 
inclusion of closely spaced, robust markers (i.e. SNPs) will be 
necessary to address the question on the origin of this partic- 
ular mutation. Another reason for its high frequency might be 
that this particular nucleotide position is prone to deletion and 
thus represents a mutational hot spot. Several other examples 
of disease genes with a high frequency of particular deletion 
mutations either due to a founder effect or recurrent new muta- 
tion have been described, i.e. CFTR (20), GJB2 (21) and 
USH2A (22). 

The ACHM3 locus was mapped originally to chromosome 
8q21 in pedigrees from a Soudi Pacific islander population, in 
which achromatopsia is highly frequent and affects nearly 10% 
of the native population. Therefore, this conditon has also been 
acknowledged as Pingelapese blindness (OMIM 262300). It 
has been assumed that this > 1000-fold increased incidence in 
comparison with the European population (23) results from 
genetic drift following a devastating typhoon in the 18th 
century killing most of the inhabitants. These instances have 
come to public attention through Oliver Sacks' book The 
Island of the Colorblind (14) and a recent BBC television 
documentary (24). Family CHR0183 investigated in this study 
originates from this particular population. Since we have iden- 
tified a homozygous S435F mutation as the sole alteration in 
the CNGB3 gene in this family, we argue that this particular 
mutation is the cause of Pingelapese blindness. 

MATERIALS AND METHODS 

Achromatopsia patients 

Caucasian patients were enrolled at several clinical centres in 
Germany (Tubingen, Berlin), the USA (Ann Arbor, MI) and 
Italy (Palermo). The clinical diagnosis of achromatopsia was 
based on ophthalmological examination including ERG 
recordings, fundus examination, visual acuity and visual field 
testing, and standard colour vision analysis. In addition, this 
study included a family from a South Pacific islander popula- 
tion, in which achromatopsia is highly frequent (14,15). 



Blood samples from patients and family members were 
collected after informed consent. Total genomic DNA was 
extracted from the blood samples according to standard proce- 
dures (25). 

Marker analysis 

Seventeen polymorphic STR markers spanning a region of 
-20 cM on human chromosome 8q21 (6,7) were genotyped by 
means of PGR amplification with fluorescence-labelled 
primers and electrophoretic sizing on an ABI 373 DNA 
sequencer (PE Biosystems, Weiterstadt, Germany) as 
described previously (26). 

Statistical methods and haplotype reconstruction 

Two-point LOD scores were calculated using the LINKAGE 
program package (27). A disease allele frequency of 0.005 and 
a penetrance of 1.0 were taken for calculations. Marker allele 
frequencies were assumed to be equal. Haplotypes were recon- 
structed manually, minimizing the number of recombinations. 

Isolation and analysis of YAC clones 

Individual YAC clones positive for chromosome 8q21 STSs 
were obtained from the German Human Genome Resource 
Center (RZPD, Berlin, Germany) or Research Genetics 
(Huntsville, AL). In addition, DNA pools of the CEPH Mark I 
and Mark II YAC libraries were screened by PCR to identify 
additional clones for known and newly developed STSs. Prep- 
aration of total yeast DNA and agarose plugs for pulsed-field 
gel electrophoresis (PFGE) was performed as previously 
described (26) or following standard procedures (28). YAC 
sizes were determined by probing PFGE blots with ^^P-labelled 
human cot-1 DNA to visualize artificial chromosomes. 

STS content mapping was done with 5 ng of total yeast DNA 
and PCRs limited to 25 thermal cycles. 

Isolation of YAC sequences and STSs 

YAC end sequences were isolated by established vectorette 
PCR methods (28). In addition, internal YAC sequences were 
obtained by Alu vectorette PCR: briefly, 200 ng of total yeast 
DNA was digested separately with A/mI, Rsal, PvuR, Bspl43l, 
BglR or BamHl, and ligated with compatible double-stranded 
vectorettes. Vectorette libraries were subjected to PCR ampli- 
fication with vectorette and Alu repeat primers; products were 
size selected and cloned with the TA Cloning System (Invit- 
rogen, Groningen, The Netherlands). Purified plasmid DNA 
was then sequenced with standard pUC/M13 forward and 
reverse primers. The chromosomal origin of newly developed 
STSs was determined by PCR amplification using selected 
DNA samples (NA10156B, NA14064 and NA11619) of a 
chromosome 8 regional mapping panel (Coriell Institute, 
Camden, NJ). 

PAC isolation and analysis 

Human PAC clones from the RPCI 1,3-5 library were identi- 
fied by screening high density clone filters (provided by the 
RZPD) with 32p-labelled probes. PAC DNA was isolated by 
standard alkaline lysis methods. Insert sizes were determined 
by PFGE separation of A^ort-digested PAC DNA. STS content 
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mapping was done with 500 pg of PAC DNA and PCRs 
restricted to 23 thermal cycles. 

Northern blot and RNA dot-blot hybridization 

A human multiple tissue dot-blot (no. 7775-1) and total RNA 
from human brain, testis and liver were purchased from Clon- 
tech (Heidelberg, Germany). In addition, total RNA was 
isolated from human donor retinae and the human retinoblas- 
toma cell line WERI-Rb- 1 using Trizol reagent (Life Technol- 
ogies, Eggenstein, Germany), For northern blots, 6 jig of total 
RNA of each sample were separated on a 1% agarose gel 
containing 2.2 M formaldehyde and blotted onto a Hybond-N 
nylon membrane (Amersham Pharmacia, Freiburg, Germany). 

A cDNA fragment encompassing nucleotides 1-2323 of the 
CNGB3 cDNA was labelled with [a-^^PJdCTP using the 
NEBlot kit (New England Biolabs, Schwalbach, Germany) and 
used for hybridization in ExpHyb solution (Clontech) for 15 h 
at 65°C. The filter was washed twice in Ix SSC, 0.15% SDS at 
40°C and O.lx SSC, 0.15% SDS at 65-70*^0. Blots were 
exposed against X-ray films for 24-96 h at -80° C with intensi- 
fying screens. 

RACE and RT-PCR 

A 5 |ig aliquot of total human retinal RNA was reverse- 
transcribed into single-stranded cDNA with AMV reverse 
transcriptase and random 9mer oligonucleotide primers. 
Aliquots were used to amplify overlapping cDNA fragments of 
the human CNGB3 gene. Primer sequences were derived from 
segments of the human HTGS sequence ACO 13751 which 
showed significant homology to the murine cngaS cDNA (10). 

For 5' RACE, 20 ng of Marathon-Ready Human Retinal 
cDNA (Clontech) were subjected to nested PCR amplifications 
with adaptor primers and primers derived from internal 
CNGB3 cDNA sequences. For 3' RACE, 1 ^g of total human 
retinal RNA was reverse-transcribed with AMV reverse tran- 
scriptase and an oligo(dT) adaptor primer (RNA PCR kit; 
Takara, Shiga, Japan). First strand cDNA was then used for 
hemi-nested PCR amplifications with adaptor primers, and 
primers derived from internal CNGB3 cDNA sequences. 
RACE products were purified by gel electrophoresis and 
sequenced directly. 

Chromosomal mapping 

The chromosomal localization of the CNGB3 gene was 
analysed by PCR amplification of a genomic 298 bp fragment 
encompassing exon 5 with DNA samples of a monochromo- 
somal hybrid mapping panel (NIGMS mapping panel no. 2; 
Coriell Institute). 

Mutation screening and segregation analysis 

Coding exon sequences were amplified from patients' genomic 
DNA with primers located in flanking intron and UTR 
sequences. PCR products were purified with Qiaquick 
columns (Qiagen, Hilden, Germany), sequenced using Big 
Dye Terminator chemistry (PE Biosy stems) and separated on 
an ABI 377 DNA sequencer. Sequence editing and alignments 
was performed using the Lasergene Software package 
(DNASTAR, Madison, WI), 



Co-segregation analysis and screening of controls were 
performed by either sequencing, PCR-RFLP analysis 
(1148delC, gain of an Sfcl site; 1304C->T/S435F, loss of a 
Bsrl site) or PCR-^SCP analysis (607C->T/R203X, 819- 
826del, 1006G->T/E336X and the 1578+1G->A splice site 
mutation). For SSCP analysis, 10% polyacrylamide gels (acryl- 
amide:bis-acrylamide 37.5:1) containing 10% glycerol were 
run with Ix TBE for 20 h at 4°C and visualized by silver 
staining. 

Databases and database analysis 

BLAST searches against nr, dbSTS, dbEST, GSS and HTGS 
segments of GenBank were done at the NCBI server (http:// 
www.ncbi.nlm.nih.gOv// ). Re-analysis of deposited BAC and 
PAC sequences was done with the NIX package provided by 
the UK-HGMP service (Hinxton, UK). 

Primer sequences 

Primer sequences used for STS mapping, RACE, RT-PCR and 
amplification of CNGB3 sequences are available from the 
authors on request. 

NOTE ADDED IN PROOF 

After acceptance of this paper, Sundin et al. reported the inde- 
pendent identification of the CNGB3 gene and mutations 
therein in patients with achromatopsia [Sundin et al, (2000) 
Nature Genet., 25, 289-293]. Due to their limited cDNA 
sequence information mutations in the paper by Sundin et al. 
could be assigned only provisionally. The reported mutations 
Prol60 (8 bp del), Thr270 (1 bp del) and Ser322Phe corre- 
spond to the mutations 819-826del (Pro273fs), 1148delC 
(Thr383fs) and 1304C-^T (Ser435Phe), respectively, 
described in this study (Table 2). 
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Whereas an important aspect of sensory adaptation in 
rod photoreceptors and olfactory receptor neurons is 
thought to be the regulation of cyclic nucleotide-gated 
(CNG) channel activity by calcium-calmodulin (Ca^"^- 
CaM)y it is not clear that cone photoreceptor CNG chan- 
nels are similarly modulated. Cone CNG channels are 
composed of at least two different subunit types, CNGA3 
and CNGB3. We have investigated whether calmodulin 
modulates the activity of these channels by direct bind- 
ing to the CNGB3 subunit. Heteromeric channels were 
formed by co-expression of human CNGB3 with human 
CNGA3 subunits in Xenopus oocytes; CNGB3 subunits 
conferred sensitivity to regulation by Ca^^-CaM, whereas 
CaM regulation of homomeric CNGA3 channels was not 
detected. To explore the mechanism underlying this reg- 
ulation, we localized potential CaM-binding sites in both 
NH2- and COOH-terminal cytoplasmic domains of 
CNGB3 using gel-overlay and glutathione S-transferase 
pull-down assays. For both sites, binding of CaM de- 
pended on the presence of Ca^'*'. Individual deletions of 
either CaM-binding site in CNGB3 generated channels 
that remained sensitive to regulation by Ca^'''-CaM, but 
deletion of both together resulted in heteromeric chan- 
nels that were not modulated. Thus, both NHg- and 
COOH-terminal CaM-binding sites in CNGB3 are func- 
tionally important for regulation of recombinant cone 
CNG channels. These studies suggest a potential role 
for direct binding and unbinding of Ca^"^-CaM to hu- 
man CNGB3 during cone photoreceptor adaptation and 
recovery. 



Cyclic nucleotide-gated (CNG)^ channels play a fundamental 
role in both visual and olfactory transduction by helping to 
convert sensory input into electrical responses that are ulti- 
mately processed as sensory information (1). In mammals, at 
least six genes encode CNG channel subxmits (2, 3). Native 
CNG channels are tetrameric proteins (4, 5) composed of at 
least two structurally related subunit types, a (CNGAl, 
CNGA2, CNGA3, and CNGA4) and jS (CNGBl and CNGB3). 
Each subunit contains six putative transmembrane domains, 
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cytoplasmic NH2 and COOK termini, a cyclic nucleotide-bind- 
ing domain, and a conserved pore region (1, 6). Whereas het- 
erologous expression of a subunits alone (except CNGA4) forms 
functional homomeric channels, the co-assembly of appropriate 
CL and )3 subunits creates heteromeric CNG channels with prop- 
erties that more closely resemble native CNG channels (7—12). 

CNG channels are highly permeable to Ca^"^, and Ca^"^ entry 
through CNG channels provides a negative feedback signal 
that assists in adaptation and recovery in photoreceptors and 
olfactory sensory neurons (13-15). Calmodulin (CaM) is 
thought to participate in these processes by binding Ca^"^ and 
then targeting to different cellxilar components including CNG 
channels (16). Nimtierous studies have described Ca^"^-CaM 
regulation of the ligand sensitivity of rod and olfactory CNG 
channels (17-25). Olfactory CNG channels are composed of 
CNGA2 (26), CNGA4 (8, 9), and CNGBlb subunits (10, 11); 
Ca^'^-CaM modulates olfactory channel activity via direct bind- 
ing to NHa-terminal CaM-binding sites of CNGA2 (20) (and 
probably CNGBlb) subunits, whereas the presence of CNGA4 
and CNGBlb subunits tunes the kinetics of the response to 
CaM (27, 28). Rod CNG channels contain CNGAl (29) and 
CNGBl (7) subunits. For these channels, Ca^'^-CaM modula- 
tion is comparatively weaker, and the CNGBl subimit provides 
the CaM-binding site in the NHa-terminal cytoplasmic domain 
that is critical for regulation (30-32). 

For cone CNG channels, Ca^^ -feedback mechanisms are less 
well defined. Ca^^ -dependent regulation of apparent cGMP 
affinity is robust for native striped bass cone CNG channels 
and is thought to be of greater significance for cone photore- 
ceptor adaptation than the corresponding changes in rods (33- 
35). Application of CaM to patches excised from cone outer 
segments inhibits these channels, but CaM only partially mim- 
ics the activity of an endogenous modulator(s) (33, 34). In 
contrast, CaM has no effect on CNG channels in patches ex- 
cised from catfish cone outer segments (36). Recombinant ho- 
momeric CNG channels composed of chick cone CNGA3 sub- 
units are modulated by Ca^'^-CaM (37). However, homomeric 
channels formed by the human or bovine orthologs of CNGA3 
are insensitive to CaM regulation, even though these subunits 
possess an NHg-terminal CaM-binding site (38-40). Thus, 
there appear to be species differences in sensitivity to regula- 
tion by Ca^'^-CaM both for native cone photoreceptor CNG 
channels and for heterologously expressed homomeric CNGA3 
channels. With recent cloning of the cone photoreceptor )3 sub- 
unit (CNGB3) for mice (12) and humans (41, 42), the impor- 
tance of this subunit for modulation of cone CNG channels by 
Ca^"^-CaM can now be examined. 

In this study, we demonstrate that the human CNGB3 
(hCNGBS) subunit forms functional heteromeric channels with 
human CNGA3 (hCNGA3) when co-expressed in Xenopus 00- 
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cytes. These recombinant heteromeric channels exhibited elec- 
trophysiological properties that differed from those of homo- 
meric hCNGAS channels, including sensitivity to regulation by 
Ca^^-CaM. Human CNGB3 plus CNGA3 heteromeric channels 
are shown to be unique compared with other CNG channel 
types, in that CaM regulation involves functionally important 
CaM-binding sites in both the NHg- and COOH-ternxinal cyto- 
plasmic domains of hCNGBS. 

EXPERIMENTAL PROCEDURES 

Molecular Biology — The human retinal cone CNG channel ^ subunit 
clone, hCNGB3-c22, was isolated using nested PGR from human retinal 
cDNA (Marathon Ready cDNA; Clontech) with adapter- and gene- 
specific primers. The coding region for this clone differs from the com- 
plete published sequence for human CNGB3 of Kohl et aL CAF272900) 
(42) at two positions (nucleotides 1743 G -> A and nucleotides 1788 A 
G); these likely sequence polymorphisms do not alter the encoded amino 
acid sequence. Human CNGA3 (AF065314) (38, 43) was a generous gift 
of Professor K.-W. Yau. Both hCNGBS and hCNGA3 were subcloned 
into pGEMHE (44) for heterologous expression in Xenopus oocytes. A 
human calmodulin cDNA clone (hCaM) was also isolated from human 
retinal cDNA using nested PGR with gene-specific primers. hCaM was 
modified to include a FLAG epitope (DYKDDDDK) at the GOOH ter- 
minus and subcloned in-frame with polyhistidine at the NHg terminus 
(pQE-30; Qiagen, Valencia, CA). Constructs for polypeptides represent- 
iQg NH2- and COOH-terminal cytoplasmic domains of hCNGA3 (amino 
acids 1-164 and 400-694, respectively) and hGNGB3 (amino acids 
1-214 and 441-809, respectively) were generated as in-frame gene 
fusions with GST (pGEX-5X-2; Amersham Biosciences) using PGR. 
Deletions were engineered by overlapping PGR, or by restriction diges- 
tion followed by blunt end generation using T4 DNA polymerase (New 
England Biolabs, Beverly, MA) and in-frame ligation. All mutations and 
the fidelity of PCR-amplified cassettes were confirmed by fluorescence- 
based automated DNA sequencing. 

CaM Interaction Assays — Recombinant protein expression in bacte- 
ria and purification were carried out as previously described (25). 
Briefly, cells were harvested and resuspended in buffer S (50 mM 
Tris-HCl (pH 7.8), 150 mM NaCl, 25 mM imidazole, 1% NDSB (Calbio- 
chem, San Diego, GA), 0.5% CHAPS, and 0.25% Tween 20) containing 
protease inhibitors (Roche AppHed Science), then lysed using a French 
pressure cell (SLM Instruments, Rochester, NY) or sonication. Soluble 
proteins were isolated by centrifugation at 20,000 X g and 4 **G for 30 
min. GST fusion proteins were purified using glutathione-Sepharose 
beads (Amersham Biosciences); His-tagged CaM was purified using 
Ni^'^-charged Sepharose (Probond resin; Invitrogen), eluted with 0.5 M 
imidazole (pH 6.0), and then dialyzed with buffer S. GST pull-down 
assays were performed using immobilized GST fusion proteins and 2 jum 
recombinant hCaM-FLAG, in the presence of 2 mM Ca^"^ or 10 mM 
EDTA. Pull-down assays were incubated overnight in buffer S at 4 °C 
with rocking. Beads were centrifuged for 2 min at 700 X g, washed 5 
times in 100 fi\ of buffer S (including either Ca^^ or EDTA), and 
suspended in SDS-PAGE sample buffer containing 2-mercaptoethanol. 
Bound proteins were separated using 12 or 4-20% SDS-PAGE and 
transferred to nitrocellulose. Gel overlay assays were performed using 
similarly blotted GST fusion proteins with 1 txg/m\ hCaM-FLAG in 20 
mM Tris (pH 7.5), 0.15 m NaCl, 0.1% Tween 20, 1% milk, and either 1 
mM Ga^"^ or 5 mM EDTA (maintained throughout the assay and blot 
processing). For both assays, interacting hCaM-FLAG was visualized 
using M2 monoclonal antibody (Eastman Kodak) directed against the 
FLAG epitope and a chemiluminescent detection system (SuperSignal 
West Dura Extended Duration Substrate; Pierce). Interaction assays 
were repeated at least 3 times with reproducible results. CaM-binding 
site search and analysis was performed using the Calmodulin Target 
database of M. Ikura and co-workers.^ 

Electrophysiology — For functional expression of hCNGAS and 
hCNGB3, Xenopus laevis oocytes were isolated and microinjected with 
5-10 ng of in vitro transcribed mRNA (mMessage mMachine; Ambion, 
Austin, TX) as previously described (45). The ratio of hCNGA3 to 
hCNGB3 cRNA was 1:5. Two to 7 days afler microinjection of mRNA 
into oocytes, patch clamp experiments were performed with an Axo- 
patch 200B patch clamp amplifier (Axon Instruments, Foster City, CA) 
in the inside-out configuration. Initial pipette resistances were 0.45- 
0.75 megohm. Currents were low-pass filtered at 2 kHz and sampled at 
10 kHz. Intracellular and extracellular solutions contained 130 mM 
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NaCl, 0.2 mM EDTA, and 3 mM HEPES (pH 7.2). CycUc nucleotides 
were added to intracellular solutions as indicated. Intracellular solu- 
tions were changed using an RSG-160 rapid solution changer (Molecu- 
lar Kinetics, Pullman, WA), Currents in the absence of cyclic nucleotide 
were subtracted. Recordings were made at 20 to 22 "C. For electrophysi- 
ological experiments involving CaM, bovine CaM (Galbiochem, San 
Diego, CA) was used at 250 nM. EDTA was substituted by 2 mM nitrilo- 
triacetic acid and 704 yM CaClg for 50 buffered free Ca^"*" in the 
intracellular solution. Excised patches were first exposed to 5 mM 
EDTA for 2-10 min to remove soluble, endogenous Ca^^ -dependent 
modulators. In addition, any changes because of Ca^"^ alone were per- 
mitted to occur before CaM was appUed (10-40 min). Afler CaM ex- 
periments, the channels were typically tested for sensitivity to h-cis- 
diltiazem (RBI, Natick, MA) applied in the intracellular solution to 
verify the subunit composition of the channel, i.c. whether hCNGB3 
and deletion constructs of hCNGB3 participated in the formation of 
the expressed channels. Dose-response relationships were obtained by 
plotting the current as a function of cyclic nucleotide concentration. 
Dose-response data were fitted to the Hill equation, Ifl^^ - ([cNMP]"/ 
{K\^"- + [cNMP]")), where / is the current amplitude, /^^x is the maxi- 
mum current, [cNMP] is the ligand concentration, is the apparent 
affinity for ligand, and n is the Hill slope. For current inhibition by 
L-cis-diltiazem, data were fit to the Hill equation in the form: /dntiozem/ 
/ = {K^'^KK^^"' + [diltiazem]'*)). Data were acquired using Pulse (HEKA 
Elektronik, Lambrecht, Germany), and analyzed using Igor Pro (Wave- 
metrics, Lake Oswego, OR) and SigmaPlot (SPSS, Chicago, IL). The 
data were expressed as mean ± S.D. unless otherwise indicated. Sta- 
tistical significance was determined using a Mann-Whitney rank sum 
or Student's t test (SigmaStat; SPSS), and a p value of <0.05 was 
considered significant. 

RESULTS 

The Properties of Heteromeric CNG Channels Containing 
hCNGB3 Subunits Differ from Homomeric hCNGAS Chan- 
nels — To examine the potential functional significance of the 
human CNGB3 subunit, hCNGB3 was co-expressed with 
hCNGAS in Xenopus oocytes and macroscopic cGMP- and 
cAMP-activated currents were recorded from excised, inside- 
out membrane patches. As expected, hCNGB3 did not form 
functional CNG channels when expressed alone (data not 
shown). Co-expression of hCNGBS and hCNGAS generated 
recombinant heteromeric channels that demonstrated dramat- 
ically altered functional properties compared with homomeric 
hCNGA3 channels (Fig. 1, Table I). First, the fractional acti- 
vation of the channels by a saturating concentration of cAMP 
compared with saturating cGMP Ucamp/^cgmp) was signifi- 
cantly increased ip < 0,001) for heteromeric CNG channels 
(Fig. lA). Second, a statistically significant increase in the 
apparent affinity for cAMP (p < 0.05) and decrease in the 
apparent affinity for cGMP ip < 0.05) were observed for chan- 
nels containing hCNGBS subimits compared with the homo- 
meric channels (Fig. LB). Third, sensitivity to block by L-cis- 
diltiazem applied to the cytoplasmic face of the patch was also 
examined. As expected, homomeric hCNGAS channels were 
insensitive to block by L-cis-diltiazem (Fig. IC, left, D; Table I). 
Heteromeric human cone CNG channels demonstrated much 
greater sensitivity to L-cis-diltiazem (Fig. IC, right, D\ Table I): 
the Ki^ at +80 mV for the L-cis-diltiazem block of hCNGBS + 
hCNGAS channels was 7.4 ± 5.2 /xm, n = 0.92 ± 0.13 in = 16). 
The voltage dependence and Ki^ for block by diltiazem were 
roughly similar to that reported for native catfish cone CNG 
channels (46). These results show that the presence of the 
hCNGBS subunit modified the ligand sensitivity of the ex- 
pressed channels and dramatically enhanced susceptibility to 
block by L-cis-diltiazem. Thus, the functional properties of re- 
combinant heteromeric channels formed by hCNGBS and 
hCNGAS subunits recapitulated some of the characteristics 
commonly associated with native CNG channels. 

hCNGBS Plus hCNGAS Heteromeric Channels Are Inhibited 
by Ca^'^-CaM—VJe examined the sensitivity of both homomeric 
hCNGAS channels and heteromeric hCNGAS + hCNGBS chan- 
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nels to regulation by Ca^'*'-CaM. Consistent with previous stud- 
ies (39), homomeric channels formed by hCNGAS subunits 
alone were not inhibited by 250 dm CaM in the presence of 
50 fxM. Ca^"^ (Fig. 2, A and C, left). In contrast, heteromeric 
hCNGAS + hCNGBS channels displayed significant inhibition 
by Ca^^-CaM under identical conditions (Fig. 2, B and C, 
right). The time course for maximum current inhibition by 
Ca^^ -CaM varied between seconds and minutes. The ratio of 
the current elicited by 10 cGMP at +80 mV with and 
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Fig. 1. Recombinant heteromeric CNG channels containing 
hCNGB3 subunits differ from homomeric hCNGAS channels. A, 

representative current traces are shown for homomeric hCNGA3 (hA3, 
left) and heteromeric hCNGAS + hCNGBS (hA3 + hB3, right) channels 
after activation by 1 mM cGMP or 10 mM cAMP (bold). Current traces 
were elicited by voltage steps from a holding potential of 0 to +80 mV, 
then to -80 and 0 mV. Leak currents in the absence of cyclic nucleotide 
were subtracted for all recordings. B, dose-response relationships for 
the activation of homomeric channels (open symbols) and heteromeric 
channels (filled symbols) by cGMP (circles) and cAMP (squares) at +80 
mV. Currents were normalized to the maximum current in saturating 
cGMP. Continuous curves represent fits of the dose-response relation to 
the Hill equation, l/I^^ = ([cNMPj^Aifi^" + [cNMP]")). For fits to the 
activation of homomeric channels by cGMP and cAMP, the following 
parameters were used: ^^V5,cgmp ~ 9-2 mM» = 2.0; ^^^p = 1201 /iM, 
n = 1.3. For activation of heteromeric channels: Ki/^ cgmp ~ ^'^-^ ^ = 
2.0; Ki^ = 664 ^M,n = 1.5. C, currents elicited by 100 /aM cGMP in 
the absence and presence (bold) of 25 /iM L-cis-diltiazem for homomeric 
hCNGAS (left) and heteromeric hCNGA3 + hCNGBS channels (right). 
Current traces were elicited by the same protocol described in A. D, 
dose-response curves for block of homomeric (open triangles) and het- 
eromeric channels (filled triangles) by lktis -diltiazem in the presence of 
100 /xM cGMP. Continuous curves represent fits of the dose-response 
relation to the Hill equation in the form: /diitiazcm^^ ~ (K\^'^f(Ki/p' + 
[diltiazem]")). For heteromeric channels, the Kyt^ = 5.4 and n = 0.92. 
Homomeric channels were insensitive to L-cis-diltiazem (Ki^ :» 
100 /im). 



without 250 nM CaM, Le. Iq^m^I, was 0.96 ± ,0.01 (n = 2) for 
homomeric hCNGAS channels and 0.62 ± 0.09 (n = 8) for 
heteromeric hCNGAS + hCNGBS channels. Inhibition by 
Ca^'*'-CaM was reheved by perfusion of the patch with calcium- 
free solution (Fig. 2, B and C, right). The apparent affinity of 
the heteromeric channel for cGMP was decreased shghtly by 
Ca^-'-CaM (Fig. 2D), from a Ki^ of 19.0 ± 2.7 ;im, ^ = 2.0 ± 0.2 
(n = 5) in the absence of CaM (see also Table I) to 25.8 ±6.7 /ulm, 
n = 2.1 ± 0.2 (n = 5) in the presence of CaM (p < 0.05, paired 
t test). No change in the maximum cturent at a saturating 
concentration of cGMP (1 mM) was observed with Ca^^-CaM 
compared with Ca^^ alone (data not shown). These results 
indicate that the presence of the cone photoreceptor hCNGBS 
subvmit conferred sensitivity to regulation by Ca^^-CaM in the 
context of recombinant heteromeric channels. 

Identification of Region in the hCNGBS NHz-terminal Do- 
main Important for Interaction with Ca^'^-CaM — To test the 
hypothesis that hCNGBS subunits provide sites for direct bind- 
ing of Ca^"-CaM, we used epitope-tagged human CaM in gel 
overlay and pull-down interaction assays with GST fusion pro- 
teins representing cytoplasmic domains of hCNGBS and 
hCNGAS. hCNGAS subunits are known to possess a CaM- 
binding site in the NHg-terminal cytoplasmic domain that is 
functionally silent in the context of homomeric channels (39). 
As expected, the NHg-terminal domain of hCNGAS interacted 
with CaM in the presence of calciimi, and deletion of a region 
including the previously identified Ca^'^-CaM-binding site pre- 
vented this interaction (Fig. 3, B and C). The NHa-terminal 
cytoplasmic domain of hCNGBS (hCNGBS N) also was able to 
physically associate with Ca^"^-CaM (Fig. S, B and C). Next, we 
localized the CaM-binding site within the hCNGBS NH2-ter- 
minal domain. GST fusion proteins representing various 
hCNGBS N deletion constructs were generated and tested for 
interaction with CaM in vitro (Fig. SA). Deletion of amino acids 
2 to 107 of hCNGBS N did not disrupt binding of Ca^'^-CaM. 
However, deletion of amino acids 108-159 in hCNGBS N com- 
pletely abolished the interaction with Ca^"^-CaM (Fig. S, B and 
C). Moreover, a GST fusion protein including only amino acids 
108-154 of hCNGBS N was able to associate with Ca^"* -CaM. 
Thus, these results show that this region of hCNGBS N is both 
necessary and sufficient for direct binding of Ca^'^-CaM. No 
CaM binding was observed for any of the fusion proteins in the 
absence of Ca^"^, confirming that the interaction was entirely 
Ca^ "^-dependent (Fig. S, B, middle , and C, bottom). Sequence 
ahgnment of the probable CaM-binding site in the hCNGBS 
NHa-terminal domain with those of CNGBl, CNGAS, and 
CNGA2 is shown in Fig, SZ>. This site in hCNGBS N resembles 
a 1-14 CaM-binding motif, exhibiting bulky hydrophobic resi- 
dues at positions 1 and 14, a net charge of +-4, and a predicted 
propensity to form an amphiphilic a-helix (47, 48). This pattern 
in hCNGBS N appears to conform better to these common 



Table I 

Co-expression of hCNGB3 deletion mutants with hCNGAS forms heteromeric CNG channels 
and Hill coefficient for channel activation by cGMP or cAMP, fractional activation by a saturating concentration of cAMP compared with 
saturating cGMP (/camp^^cgmp)» sensitivity to block by 25 jllm l-c is -diltiazem in the presence of 100 fiM cGMP (/diitiazcm^^ were measured to 
confirm formation of heteromeric CNG channels (mean ± S.D.). Numbers in parentheses indicate the number of patches studied. Amino acid 
deletions were as follows: hASAN, A25-106; hB3AN, A108-158; hBSAC, A669-809; hBSANAC, A108-158 and A669-809. 
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Fig. 2. Co-expression of hCNGB3 with hCNGAS confers sensi- 
tivity to regulation by Ca^'*'-CaM. A and B, time course for regula- 
tion of homomeric hCNGAS channels (A) and heteromeric hCNGA3 + 
hCNGB3 channels iB) by 250 nM CaM in the presence of 50 /xM Ca^^. 
Peak currents at +80 mV were determined every 2 s. 50 ^lM Ca^^ was 
present for all recordings except where indicated (EDTA). Bars above 
the figures indicate the application of 10 cGMP and 250 nM CaM, 
and replacement of Ca^ with 0.2 M EDTA. C, representative current 
traces from A and B. Trace 1 in C, left and right, represent control 
currents elicited by 10 ^lm cGMP, corresponding to arrow i in A and B, 
respectively. Trace 2 in C, left and right, are recordings made after 
application of CaM, corresponding to arrow 2 in A and B, respectively. 
Trace 3 in C, right, was recorded after removal of Ca^^, corresponding 
to arrow SinB.D, dose-response relationships for activation of hetero- 
meric channels by cGMP in the absence (open symbols) or presence 
(filled symbols) of 250 nM CaM (same patch as in B and C, right). 
Continuous curves represent fits of the dose-response relation to the 
Hill equation, as in Fig. 1: in the absence of CaM, .^^^ = 17.3 fiM, n - 1.9; 
in the presence of CaM, Kt^ = 22.4 /xm, n = 2.0. 

CaM-binding motifs than the previously characterized "uncon- 
ventional" CaM-binding site in the NHg-terminal domain of 
CNGBl (30, 31). 

Localization of a CaM-binding Site in the hCNGB3 COOH- 
terminal Domain — Because a functionally silent CaM-binding 
site was previously identified in the COOH-terminal cytoplas- 
mic domain of the rod CNG channel subunit (CNGBl) (30, 
31), we investigated the possibility that the carboxyl -terminal 
domain of hCNGB3 (hCNGB3 C) may also bind Ca^-'-CaM. 
Gel-overlay experiments with full-length hCNGB3 C demon- 
strated an interaction with Ca^'*"-CaM in vitro (Fig. 4B). Sim- 
ilar to hCNGBS N, CaM binding to hCNGB3 C depended on the 
presence of calcium. As expected, the hCNGAS COOH-terminal 
domain did not interact with CaM. To localize which regions of 
hCNGBS C were necessary for binding of Ca^^-CaM, GST 
fusion proteins representing hCNGB3 C deletion mutants were 
engineered and tested using in vitro protein-protein interaction 
assays (Fig. 4). Assays carried out with fusion proteins includ- 
ing the C-linker region and the cyclic nucleotide-binding (CNB) 
domain, or the CNB domain alone, revealed no binding to 
Ca^'^-CaM. Instead, Ca^'^-CaM specifically interacted with a 
fusion protein representing the region of hCNGBS C distal to 
the CNB domain (amino acids 637-809). A fusion protein lim- 
ited to amino acids 661-757 of hCNGBS was sufficient for 
interaction with Ca^'^-CaM, whereas proteins including amino 
acids 637-681 or 680-809 of hCNGBS C were unable to bind 
CaM. Similar results were obtained using GST pull-down as- 
says (data not shown). In all cases, CaM binding did not occur 
in the absence of calcium (Fig. 4B, middle). These results, 
summarized in Fig. 4A (right), identify a region distal to the 
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Fig. 3. Localization of region within the hCNGBS NHa-termi- 
nal domain important for interaction with Ca^"^-CaM. A, sche- 
matic representation of the GST fusion proteins of various hCNGA3 
(hatched) and hCNGB3 (black) NHg-terminal constructs. Below, dia- 
gram of hCNGB3 NHg-terminal region: SI, putative first transmem- 
brane domain; open box, putative CaM-binding site illustrated in D. The 
box to the right summarizes the presence (+) or absence (-) of m vitro 
interaction with Ca^^-CaM. B, gel overlay assay with hCaM-FLAG and 
GST fusion proteins. GST fusion proteins were immunoblotted and 
probed with hCaM-FLAG (1 ptg/ml) in the presence (1 mM, top) or 
absence of Ca^"" (5 mM EDTA, middle); hCaM-FLAG binding was de- 
tected using M2 anti-FLAG antibody and chemiluminescence. Bottom, 
Coomassie Blue-stained gel of fusion proteins used in gel overlay and 
GST pull-down assays. C, GST pull-down assay. GST fusion proteins, 
immobilized on glutathione -Sepharose beads, were incubated with in- 
put protein (2 /hM hCaM-FLA(J) in the presence (2 nui) or absence of 
Ca^"^ (10 mM EDTA). After washing, bound input protein was detected 
via immunoblotting and M2 anti-FLAG antibody. Arrow, input hCaM- 
FLAG. D, cartoon of hCNGBS subimit topology, with sequence align- 
ment of CaM-binding sites in the NHg-terminal regions of hCNGB3 
(AF065314), hCNGBl (AF042498), rCNGA2 (AF126808), and hCNGAS 
(AF065314). The numbers in parentheses indicate the positions of the 
first and last residues shown. 

cyclic nucleotide-binding domain that is necessary for Ca^"^- 
CaM binding in vitro. Consistent with these findings, a search 
for likely CaM-binding sites in hCNGBS C highlighted this 
sequence as a candidate CaM target (Fig. 4A, bottom). This 
Ca^"^ -CaM-binding site in hCNGBS is positioned similar to the 
functionally silent CaM-binding site in the COOH-terminal 
domain of CNGBl, but this region of CNGB3 exhibits little 
sequence homology with CNGBl. 

Effects of hCNGB3 NH2' and COOH-terminal Deletions on 
Ca^'^-CaM Modulation of Heteromeric CNG Channels — To de- 
termine the functional importance of the CaM-binding sites 
identified within hCNGBS NHg- and COOH-terminal cytoplas- 
mic domains, hCNGBS deletion mutants were engineered and 
individually co-expressed with hCNGAS in Xenopus oocytes. As 
shown in Table I, the functional properties of these channels, 
as indicated by the for cGMP, the Ki^ for cAMP, I^jJ 
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Fig. 4. Localization of Ca^'^-CaM-binding site in hCNGB3 COOH-terminal domain. A, schematic representation of GST fusion proteins 
of hCNGB3 C deletion constructs. Box to the right summarizes the results from interaction assays with Ca^"^-CaM. Below, diagram of the hCNGB3 
COOH-terminal region with sequence of the putative CaM-binding site: S6, putative sixth transmembrane domain; open box, putative CaM- 
binding site. B, gel overlay assays using hCaM-FLAG were performed as described in the legend to Fig. 3 in the presence {top) or absence of Ca^^ 
{middle). Bottom, Coomassie Blue-stained gel of fusion proteins probed in gel overlay assays. 



-^cgmpj sensitivity to block by L-cis-diltiazem, were 

roughly similar to wild type hCNGAS + hCNGBS channels, 
demonstrating that all hCNGBS deletion mutants studieid were 
able to participate in the formation of heteromeric channels. An 
a subunit vdth deletion of its Ca^ "^-CaM-binding site, hCNGAS 
AN, also formed functional homomeric channels (data not 
shown) as well as heteromeric channels when co-expressed 
with hCNGBS. 

Sensitivity to regulation by CaM for these mutant CNG 
channels was examined in the presence of 25 pM cGMP and 50 
jiLM Ca^"^. Inhibition by Ca^^-CaM was still observed for het- 
eromeric hCNGAS + hCNGBS AN, hCNGAS + hCNGBS AC, 
and hCNGAS AN + hCNGBS AN channels (Fig. 5, A, C, and El 
For some patches, slow recovery of the current after Ca^'^'-CaM 
inhibition was apparent with removal of CaM even in the 
presence of Ca^"^ (Fig. 5A). Thus, neither individual deletion of 
NH2- or COOH-terminal CaM-binding sites in hCNGBS, nor of 
the NHg-terminal CaM-binding site in hCNGAS, eliminated 
sensitivity to regulation by Ca^'^-CaM. Furthermore, the ex- 
tent of inhibition by Ca^-^-CaM of hCNGAS + hCNGBS AC and 
hCNGAS AN + hCNGBS AN channels resembled that of wild 
type heteromeric channels. These results suggest that either 
CaM-binding site in hCNGBS is sufficient for the full range of 
CaM regulation of heteromeric channels. However, co-expres- 
' sion of hCNGAS with hCNGBS subunits having both NH2- and 
COOH-terminal CaM-binding sites deleted (hCNGBS ANAC) 
gave rise to channels that were no longer sensitive to regula- 
tion by Ca^-^-CaM HcaM^I was 0,95 ± 0.02, n = 8) (Fig. 5, B, D, 
and E), Together, these results imply that both CaM-binding 
sites in hCNGBS can contribute to modulation by CaM, but 
that the CaM-binding site in hCNGAS is not sufficient for CaM 
regulation in the context of these heteromeric channels. 

To ensure that channels arising from this combination of 
subunits had characteristics consistent with heteromeric 
rather than homomeric hCNGAS channels, the activation prop- 
erties and sensitivity to block by L-cis-diltiazem were examined 
more closely. hCNGAS + hCNGBS ANAC channels displayed 



greater relative cAMP efficacy compared with homomeric 
hCNGAS channels (p < 0.001) (Table I). Furthermore, the Ki/, 
for L-cts-diltiazem block of currents at +80 mV for hCNGAS + 
hCNGBS ANAC channels (6.6 ± 4.2 ^m, n = 0.74 ± 0.17; n = 
5) was similar to that of wild-type heteromeric channels. These 
results confirm that hCNGBS ANAC subunits were fully com- 
petent for assembly into functional heteromeric channels. Yet, 
the basic properties of hCNGBS ANAC-containing channels 
differed somewhat from vnld-type heteromeric channels. In 
particular, there was a significant decrease in both apparent 
affinity for cGMP (p - 0.001) and relative agonist efficacy, 
^cAMP^^cGMP (P < (Table I), These changes indicate that 
deletion of both CaM-binding sites in hCNGBS has an effect on 
channel gating that parallels the effect of Ca^"^-CaM on the 
activation of wild-type heteromeric channels, 

DISCUSSION 

We have investigated Ca^^-CaM regulation of channels 
formed by human retinal cone CNGBS and CNGAS subunits 
and found that the CNGBS subunit confers sensitivity to mod- 
ulation. Our results are consistent with a mechanism whereby 
direct binding of CaM to CNGBS subunits of heteromeric chan- 
nels reduces the sensitivity of these channels to cyclic nucleo- 
tide. The mechanism for CaM regulation appears to be similar 
to that of olfactory and rod CNG channels: an allosteric effect of 
bound CaM on the opening transition of the channel. In this 
way, the ligand sensitivity of human cone photoreceptor CNG 
channels can be regulated via a Ca^"^ -feedback mechanism that 
involves binding of CaM to sites located within the NH2- and 
COOH-terminal cytoplasmic domains of hCNGBS. CaM regu- 
lation of the ligand sensitivity of cone CNG channels is ex- 
pected to contribute to an extension of the operating range of 
cone photoreceptors (49). 

With completion of this study and comparison to previous 
studies (for review, see Ref 50), similarities and differences in 
CaM binding and regulation among olfactory, rod, and cone 
CNG channels are now evident. All three sensory transduction 
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on Ca^"^-CaM ixihibition of heteromeric cone CNG channels. A 

and B, time course for regulation of heteromeric hCNGAS AN + 
hCNGB3 AN channels (A) and hCNGAS + hCNGBS AN AC channels (B) 
by Ca^^-CaM. Peak currents at +80 mV were determined every 2 s. 50 
jutM Ca^"^ was present for all recordings shown. Bars above the figures 
indicate application of 25 cGMP and 250 nM CaM, respectively. C 
and D, representative current traces from A and B. Traces and arrows 
1 and 2 have the same meaning as Pig. 2C. E, summary of effects of 
hCNGBS NH2- and COOH-terminal deletions, and hCNGAS NHg-ter- 
minal deletion, on modulation of heteromeric CNG channels by Ca^ ' - 
CaM. I^^ll is the current (at + 80 mV) elicited by 25 ptM cGMP with 250 
nM CaM normalized to the current elicited by 25 ^ cGMP alone, all in 
the presence of 50 /iM Ca^"**. All heteromeric channels, with the excep- 
tion of hCNGAS + hCNGBS AN AC channels, exhibited a statistically 
significant current reduction (*, p < 0.05; **, p < 0.001; n = 4 to 13) 
compared with hCNGA3 homomeric channels. 

channels contain one or more subunits with NHg-terminal 
CaM-binding sites located a short distance from the first puta- 
tive transmembrane domain: CNGA2 and CNGBlb for the 
olfactory channel, CNGBl for the rod channel, and CNGA3 and 
CNGB3 for the cone channel. The cone channel is in several 
ways unique among these CNG channel types. First, the NHg- 
terminal CaM-binding site of the human CNGA3 subunit is 
functionally silent not only for homomeric channels (39), but 
also, as shown in this paper, for heteromeric channels contain- 
ing hCNGBS subunits. Second, the sequence of the hCNGBS 
NHg-terminal CaM-binding site conforms better to typical 1-14 
type motifs than the NHg-terminal CaM-binding site of 
CNGBl, which has been previously described as unconven- 
tional in that its sequence is in part similar to an IQ-type motif 
yet CaM binding to this site is calcium-dependent (30, 31). 
Third, whereas CNGBS and CNGBl subunits both possess a 
COOH-terminal CaM-binding site located distal to the CNB 
domain, only the site in the CNGBS subunit is functionally 
important for Ca^'^-CaM regulation. For the rod CNG cheinnel, 
the CNGBl COOH-terminal CaM-binding site is not necessary 
or sufficient for regulation by Ca^"*"-CaM (30, 31). In contrast, 
the COOH-terminal CaM-binding site of the CNGBS subunit 
contributes to the sensitivity of the cone channel to Ca^"^-CaM 



regulation and is sufficient for regulation in the absence of the 
NHg-terminal CaM-binding site. Thus, our results suggest that 
both NH2- and COOH-terminal CaM-binding sites of hCNGBS 
are equally important for regulation. Because single deletions 
of the individual CaM-binding sites gave rise to heteromeric 
channels that exhibited sensitivity to modulation roughly sim- 
ilar to that of wild-type channels, we favor a model where each 
CaM-target site in hCNGBS is independently capable of con- 
ferring regulation, rather than the two sites acting in a sjmer- 
gistic or additive manner. 

CaM also decreases the ligand sensitivity of rod, cone, and 
olfactory CNG channels to different extents. Ca^'^-CaM re- 
duces the apparent affinity of the olfactory CNG channel for 
cAMP by up to 20-fold (18, 20), whereas it has a more modest 
effect on channels formed by rod photoreceptor CNGBl plus 
CNGAl subunits (19, 22, S0-S2). The magnitude of cone chan- 
nel modulation by Ca^^-CaM is much smaller than that of 
olfactory CNG channels but similar to that of rod channels. 
Although the sensitivity of cone photoreceptor CNG channels 
to regulation by CaM may vary with different species, our 
results indicate that channels formed by human CNGBS and 
CNGA3 subimits are modulated by Ca^^-CaM to an extent 
similar to recombinant bovine and human rod CNG channels. 
As previously suggested (25, 27, 32, 39, 51), CNG channel 
sensitivity to regulation by Ca^'^-CaM is dependent not merely 
on the presence, number, or location of CaM-binding sites but 
also other structiural features and interactions. 

As is the case for CNGA2 homomeric channels (20, 25), 
deletion of the CaM-binding sites in hCNGBS subunits alters 
the activation properties of heteromeric channels in a way that 
parallels the effect of Ca^^-CaM binding on gating of wild-type 
channels. Previous evidence suggests that an interaction oc- 
curs between NHg- and COOH-terminal cytoplasmic domains 
of olfactory CNGA2 subunits that promotes channel opening 
and helps control gating of the channels. Ca^"-CaM modulates 
olfactory CNG channels by direct binding to an NH,2-terminal 
autoexcitatory domain (20, 52, 53), disrupting interdomain cou- 
pling with the COOH-terminal CNB domain (25). For rod CNG 
channels, Ca^^-CaM binding to an NH2- terminal site in 
CNGBl also disrupts an interaction between this domain and 
the distal COOH-terminal region of CNGAl (S2). It remains to 
be determined if a similar mechanism is involved in CaM 
regulation of cone CNG channels. 

Whereas the simplest explanation for the observations de- 
scribed in this paper is that Ca^'^-CaM can regulate the activity 
of cone CNG channels by direct binding to NH2- and COOH- 
terminal CaM-binding sites of hCNGBS subunits, other mech- 
anisms remain possible. Ca^'^-CaM may alter channel activity 
by binding to a channel-associated protein rather than, or in 
addition to, docking at the hCNGBS subunit itself In this 
regard, hCNGBS deletions may prevent interactions between 
the channel and proteins other than CaM. Another possibility 
is that Ca^'^-CaM may stimulate patch-associated CaM-de- 
pendent kinase activity, which in turn may modulate cone 
CNG channels via phosphorylation, CaM kinase II activity has 
been implicated in circadian regulation of the ligand sensitivity 
of native chick cone CNG channels (54); whether the reported 
effect is because of direct phosphorylation of the channel pro- 
tein or occurs via an indirect pathway remains to be deter- 
mined. Muller and co-workers (40) have demonstrated that the 
ligand sensitivity of homomeric bovine CNGA3 channels is 
regulated by protein kinase C-mediated phosphorylation. 
Therefore, hke rod CNG channels (Refs. 55 and 56, for review, 
see Ref. 57), cone CNG channels may be the targets of several 
regulatory pathways that include but are not limited to direct 
binding of CaM. 
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An additional consideration is that at least in some species 
other physiologically important effectors for Ca^ "^-dependent 
regulation of cone CNG channels may act in concert with CaM. 
There is evidence suggesting that a Ca^^ -binding protein other 
than CaM may regulate native CNG channels of striped bass 
cone photoreceptors, particularly because CaM application to 
patches excised from cone outer segments does not completely 
recapitulate the effect of the endogenous calcium-dependent 
modulator(s) (33, 34). For CNG channels of intact cone outer 
segments, changes in cytoplasmic Ca^^ concentration can alter 
apparent cGMP affinity over a 4-fold range (34). The more 
modest extent of CaM-mediated inhibition of heterologously 
expressed CNGB3 plus CNGA3 channels suggests that CaM 
can account for some but not all of this Ca^ ^ -dependent mod- 
ulation of ligand sensitivity. It has also been suggested that an 
imknown endogenous factor may be important for Ca^ ^-de- 
pendent regulation of native rod (21) and olfactory (58) CNG 
channels. Warren and Molday (59), however, have recently 
shown that soluble extracts from bovine rod outer segments 
that have been depleted of endogenous CaM do not contain an 
additional endogenous factor sufficient to regulate rod CNG 
channel activity. Several other Ca^ ^-binding proteins related 
to CaM are expressed in the retina (60). One of these, CaBPl, 
has recently been shown to compete with CaM for binding to a 
region within the cytoplasmic COOH-terminal domain of neu- 
ronal Cav2.1 channels (61). Further studies are needed to iden- 
tify and characterize potential interactions between CNG chan- 
nels and other calcium-sensitive regulatory proteins that may 
augment or compete with the action of CaM. 
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Cone photoreceptor cyclic nucleotide-gated (CNG) chan- 
nels are thought to form by assembly of two different sub- 
imit types, CNGA3 and CNGB3. Recently, mutations in the 
gene encoding the CNGB3 subunit have been linked to ach- 
romatopsia in humans. Here we describe the functional 
consequences of two achromatopsia-associated mutations 
in human CNGB3 (hCNGBS). Co-expression in Xenopus oo- 
cytes of human CNGA3 (hCNGAS) subunits with hCNGB3 
subunits containing an achromatopsia-associated muta- 
tion in the S6 transmembrane domain (S435F) generated 
functional heteromeric channels that exhibited an increase 
in apparent affinity for both cAMP and cGMP compared 
with wild tjrpe heteromeric channels. In contrast, co- 
expression of a presumptive null mutation of hCNGBS 
(T383f.s.AC) with hCNGAS produced channels with proper- 
ties indistinguishable firom homomeric hCNGAS channels. 
The effect of hCNGB3 S435F subunits on cell-siurface ex- 
pression of green fluorescent protein-tagged hCNGAS sub- 
units and of non-tagged hCNGAS subunits on sinface ex- 
pression of green fluorescent protein-hCNGBS S435F 
subimits were similar to those observed for wild type 
hCNGBS subunits, suggesting that the mutation does not 
grossly disturb subimit assembly or plasma membrane tar- 
geting. The S4S5F mutation was also found to produce 
changes in the pore properties of the channel, including 
decreased single channel conductance and decreased sen- 
sitivity to block by L-cis-diltiazem. Overall, these results 
suggest that the functional properties of cone CNG chan- 
nels may be altered in patients with the S4S5F mutation, 
providing evidence supporting the pathogenicity of this 
mutation in humans. Thus, achromatopsia may arise from a 
disturbance of cone CNG channel gating and permeation or 
from the absence of functional CNGB3 subimits. 



Cyclic nucleotide-gated (CNG)^ ion channels are fundamen- 
tal to sensory transduction in retinal photoreceptor cells and in 
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olfactory receptor neuj-ons. CNG channels couple a change in 
intracellular cyclic nucleotide concentration in these cells into 
an electrical response underlying sensory signaling. CNG 
channels are part of a superfamily of ion channels whose mem- 
bers include voltage-gated potassium channels and channels 
gated by intracellular ligands (1, 2). There are six genes encod- 
ing CNG channel subunits in mammals: CNGAly CNGA2, 
CNGA3, CNGA4, CNGBl, and CNGB3, Native CNG channels 
are thought to be tetrameric proteins formed by at least two of 
these subunit types. Each of these subunits exhibits six puta- 
tive transmembrane domains, intracellular amino and car- 
boxyl termini, a conserved pore domain, and a cyclic nucleotide 
binding domain. In cone photoreceptor cells, CNG channels are 
composed of CNGA3 (a) and CNGB3 (p) subunits. Similar to 
their rod photoreceptor counterparts, heterologous expression 
of CNGA3 subunits alone can generate functional homomeric 
channels (3-5), but CNGB3 subimits cannot (6, 7). Compared 
with the proteins forming rod and olfactory CNG channels, the 
protein subunits forming cone photoreceptor CNG channels are 
not as well characterized; only recently has the moleculEU* iden- 
tity of the cone CNG channel )3 subunit been revealed (6, 8, 9). 

Mutations in the CNGA3 and CNGB3 genes encoding human 
cone photoreceptor CNG channel subunits have been foimd to 
segregate with patients having complete and incomplete ach- 
romatopsia (8-12). Achromatopsia is an autosomal recessive 
disease characterized by absent or limited cone function (but 
intact rod function), compromised visual acuity, nystagmus, 
and photophobia. For CNGAS-deficient mice, an animal model 
of complete achromatopsia, loss of cone function correlates with 
progressive degeneration of cone photoreceptors (13). Complete 
achromatopsia in humans, however, is thought to be a station- 
ary disorder without obvious cone degeneration (but see also 
Ref 14). One disease-associated mutation in humans (S435F), 
located in the putative S6 transmembrane domain of CNGB3, 
has been linked to the unusually frequent occurrence of com- 
plete achromatopsia among Pingelapese islanders (8, 9), a pop- 
ulation described by Oliver Sachs in The Island of the Color- 
blind (15). The mechanisms underlying achromatopsia remain 
poorly defined. An important step toward understanding the 
development of the disease is determining how individual mu- 
tations in the genes that encode cone photoreceptor CNG chan- 
nel subunits may alter the functional properties of these criti- 
cal proteins. 

Here we report the functional consequences of two mutations 
in hCNGB3 associated with achromatopsia in humans. Our 
results demonstrate that co-expression of hCNGAS with 
hCNGB3 subunits containing an achromatopsia-associated 
frameshift mutation that truncates the pore and the carboxyl- 
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terminal cytoplasmic domain (T383f.s.AC) gave rise to chan- 
nels indistinguishable from homomeric hCNGAS channels. We 
also show that S435F in hCNGBS alters both the ligand sen- 
sitivity and pore properties of heteromeric cone CNG channels. 
These residts imply that achromatopsia can arise either from 
altered frmctional properties of cone CNG channels or from the 
absence of working hCNGBS subunits. Fiirthermore, the effect 
of the S435F mutation on the properties of heteromeric chan- 
nels provides insight into both the structural features impor- 
tant for the activation of these channels and the molecular 
mechanisms leading to achromatopsia in humans. 

EXPERIMENTAL PROCEDURES 

Molecular Biology — The human retinal cone CNG channel ^ subunit 
clone, hCNGB3, was isolated from human retinal cDNA as previously 
described (7). The coding sequence of this clone differs from the com- 
plete published sequence for CNGB3 of Kohl et al (9) (AF272900) at two 
positions (nucleotide 1789g— >a and nucleotide 1834a-^g), representing 
either sequence polymorphisms or Tag polymerase errors; neither nu- 
cleotide change alters the amino acid sequence. It was subcloned into 
pGEMHE (16) for heterologous expression in Xenopus oocytes. Human 
CNGA3 (4), a generous gift of Dr. K.-W. Yau, was also subcloned into 
pGEMHE. To generate amino-terminal fusions of enhanced green flu- 
orescent protein (GFP) with hCNGB3 and hCNGAS, PCR-amplified 
GFP (Qbiogene, Carlsbad, CA) including an additional linker sequence 
(IAGqRARLPA) was subcloned in-frame with cDNA encoding hCNGAS 
and hCNGBS at amino acids Asp-24 and Gly-107, respectively. The 
essential properties of hCNGAS and hCNGB3 plus hCNGA3 channels 
were unaltered by the GFP fusion (data not shown). Although the GFP 
tag may still have a slight influence on expression level or plasma mem- 
brane targeting, we estimate that the effect of the tag on expression level 
(patch current density) is small. Mutations in the hCNGBS coding se- 
quence were engineered using overlapping PCR mutagenesis (17). All 
mutations and the fidelity of PCR-amplified cassettes were confirmed by 
automated DNA sequencing. For expression studies, identical amounts of 
cDNA were linearized using Sph\ or Nhel, and capped mRNA was tran- 
scribed in vitro using the T-7 RNA polymerase mMessage mMachine kit 
(Ambion, Austin, TX). mRNA concentrations and relative amounts were 
determined by denaturing gel electrophoresis and one-dimensional image 
analysis software (Kodak, NY) and spectrophotorfietry. 

Electrophysiology — For functional expression studies, Xenopus laevis 
oocytes were isolated and microinjected with 5-10 ng of mRNA as 
previously described (18). The ratio of wild type or mutant hCNGBS 
mRNA to hCNGA3 mRNA was typically 5:1. Two to 7 days after mi- 
croinjection of mRNA, patch-clamp experiments were performed in the 
inside-out configuration with an Axopatch 200B amplifier (Axon In- 
struments, Foster City, CA). Recordings were made at 20-23 **C. Data 
were acquired using Pulse software (HEKA Elektronik, Lambrecht, 
Germany). Initial pipette resistances were 0.4-1.5 megaohms. Intra- 
cellular and extracellular solutions contained 130 mM NaCl, 0.2 mM 
EDTA, and 3 mM HEPES (pH 7.2). Intracellular solutions were changed 
using an RSC-160 rapid solution changer (Molecular Kinetics, Pullman, 
WA). Currents in the absence of cyclic nucleotide were subtracted. 
Macroscopic patch current density was calculated after estimating the 
area of each patch, A (in /jtm^), from the initial pipette resistance, R, 
using the equation A = 12.6 x (1/R + 0.018) (19). Steady-state rectifi- 
cation (/+80 mv^/-8o mv) was determined as the ratio of the current at the 
end of 60-ms voltage steps to +80 mV and -80 mV. For channel 
activation by cGMP or cAMP, dose-response data were fitted to the Hill 
equation, I/I^,^ = ([cNMP]V(fi'i^/ + [cNMP]'^)), where / is the current 
amplitude, is the maximum current, [cNMP] is the ligand concen- 
tration, K^^ is the apparent affinity for ligand, and h is the Hill slope. 
For ion substitution experiments, the extracellular solution contained 
130 mM NaOH, and the intracellular solution contained either 130 mM 
NaOH, KOH, RbOH, LiOH, or CsOH both with and without cGMP (100 
^ or 1 mM). In addition, anhydrous EDTA was substituted for 
NaaEDTA. Reversal potentials were measured by 200 ms voltage ramps 
from -100 to +100 mV. The permeability ratio of intracellular ion 
relative to extracellular Na *", Px^/^no^» was determined using the 
bi-ionic form of the Goldman -Hodgkin-Katz equation (20), 



[Na^lo .''^i^- 



(Eq. 1) 



where AV^^^ is the change in reversal potential, [X^]j„ and [Na"^]„ are 
ion activities (21), and the remaining terms have their usual meanings. 



Conductances were determined at +80 mV. Single channel recordings 
were made at a 50 kHz sampUng rate and filtered at 5 kHz. For single 
channel analysis, amplitude histograms were constructed from 1-5 s of 
recorded data at +80 mV. The histograms were fit with two or three 
gaussian functions, with one gaussian representing the closed state and 
the other(s) representing the open state(s) for one or two channels, 
respectively. For current block by L-cis-diltiazem, data were fit to the 
Hill equation in the form /dutinzcm/^ = iK^nHK^^ + [diltiazem]'')). Data 
were analyzed using Igor (Wavemetrics, Lake Oswego, OR), SigmaPlot, 
and SigmaStat (SPSS Inc.). All values are reported as the mean ± S.E. 
of n experiments unless otherwise indicated. Statistical significance 
was determined using a Student's t test or Mann-Whitney rank sum 
test, and a p value of < 0.05 was considered significant. 

Confocal Microscopy — Confocal images were obtained using a lOx 
objective on a Nikon Eclipse TE 300 inverted microscope equipped with 
a Bio-Rad MRC-1024 confocal laser-scanning system and a krypton- 
argon laser. Oocytes expressing GFP-tagged CNG channel subunits 
64-72 h after injection of mRNA were placed in borosilicate coverglass 
chambers such that the equator was approximately perpendicular to 
the plane of imaging. GFP fluorescence was measured using an excita- 
tion wavelength of 488 nm and a 522 DF 32 emission filter. Laser 
intensity, pinhole aperture, and photo-multiplier gain were kept con- 
stant for all experiments. Oocytes injected with mRNA for non-tagged 
subimits were included as controls for auto-fluorescence. Images were 
analyzed using NIH ImageJ software. Surface fluorescence was deter- 
mined for a defined area positioned at the animal hemisphere of each 
oocyte and expressed as intensity of signal per unit area; surface fluo- 
rescence was then normalized to the mean surface fluorescence of 
GFP-hCNGA3-expressing oocytes within the same experiment. 

Biochemistry — To assess the overall abimdance of cone CNG channel 
subunits expressed in Xenopus oocytes, we used Western blot analysis 
of proteins, from oocytes expressing GFP-tagged hCNGA3 or hCNGBS. 
Oocyte proteins were prepared using a protocol adapted from Rosen- 
baum and Gordon (22) and others (23). Briefly, oocytes were placed in 
buffer containing 20 mM Hepes (pH 7.5), 150 mM NaCl, 5 mM EDTA, 
0.5% Triton X-100 (Surfact-Amps X-100; Pierce) and a protease inhib- 
itor mixture (Roche Applied Science). Oocytes were subjected to tritu- 
ration followed by cup sonication using a Branson Sonifier Cell Disrup- 
ter 350 (Branson Ultrasonics, Danbury, CT) repeated a total of three 
times. The soluble cell lysate was then separated from yolk and other 
insoluble material by centrifugation at 20,000 x g and 4 **C for 10 min 
and repeated three times. Material representing approximately two 
oocji;es was loaded per lane and separated by SDS-PAGE using NuPage 
3-8% Tris acetate gels (Invitrogen). Proteins were then transferred to 
nitrocellulose using the NuPage transfer buffer system (Invitrogen). 
Inmiunoblots were probed with anti-GFP Aequorea victoria peptide 
polyclonal antibody (Clontech, Palo Alto, CA) at a concentration of 1:250 
in Tris-buffered saline with 1% nonfat dry milk. GFP-tagged channel 
subunits were visualized using SuperSignal West Dura substrate 
(Pierce) and autoradiography film (Kodak X-Omat Blue XB-1, Eastman 
Kodak Co.). The approximate molecular weights of the GFP-tagged 
subunits were calculated by interpolation using the linear relationship 
between the log of molecular weight for protein standards (Invitrogen), 
as reported by the manufacturer for these buffer conditions, and the 
migration distance of the proteins. 

RESULTS 

Functional Expression of Mutant Human CNGB3 Sub- 
units — To investigate the functional consequences of two 
achromatopsia-associated mutations in the human cone photo- 
receptor CNG channel )3 subunit gene (CNGB3) (8, 9), we 
introduced these mutations into cDNA encoding the human 
CNGB3 subimit and co-expressed mutant or wild type CNGB3 
with human cone CNG channel a subunits (hCNGAS) (4) in 
Xenopus oocytes. Fig. lA illustrates the approximate positions 
in hCNGBS of the two mutations examined in this study, 1) 
S435F, located within the S6 transmembrane domain, and 2) 
TS83f S.AC, a 1-base pair deletion at nucleotide 1148 generat- 
ing a frameshift and premature stop codon at Leu-395 with 
truncation of the carboxyl terminus of the CNGB3 subunit (8, 
9). Similar to other CNG channel )3 subunits (6, 24-26), human 
CNGB3 failed to generate functional cyclic nucleotide-acti- 
vated channels when expressed alone in oocytes (data not 
shown). As previously demonstrated (7), co-expression of wild 
type human CNGB3 subunits with human CNGA3 subimits 
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Fig. 1. Functional characterization of recombinant cone CNG 
channels containing achromatopsia-associated mutations in 
hCNGBS. A, schematic of human CNGB3 subunit topology with the 
approximate locations of two mutations (*) linked to achromatopsia in 
humans, T383fs.AC and S435F. B, current families recorded from 
inside-out patches excised from Xenopus oocytes expressing homomeric 
hCNGAS (hAS) channels or heteromeric channels generated by co- 
injection of mRNA encoding wild type or mutant hCNGB3 (hB3) with 
hCNGA3 subunits. Current sweeps were elicited at a saturating con- 
centration of cGMP (1 mM) or cAMP (10 mM) by voltage steps from 0 mV 
to potentials between -100 mV and 100 mV, in 20-mV increments. 
Currents in the absence of cycUc nucleotide were subtracted. C, repre- 
sentative dose-response relationships for channel activation by cGMP 
for homomeric hCNGA3 channels (filled circles), wild tjrpe heteromeric 
hCNGB3 + hCNGA3 channels (open circles), heteromeric channels 
containing hCNGB3-S435F subimits (filled squares), and channels 
formed after co-expression of hCNGB3-T383f s.AC subunits with hC- 
NGAS subunits (open squares). Currents were measured after voltage 
steps to +80 mV and were normalized to the maximum current elicited 
by a saturating concentration of cGMP. Continuous curves represent 
fits of the dose-response relation with the Hill equation, ///max ~ 
(tcNMPJM^iya'' + [cNMP]'")). For these fits, the following parameters 
were used. For homomeric hCNGA3 channels, K^y^ = 11 M^, /i = 2.1; for 
wild type hCNGB3 + hCNGAS channels, K^^ = 18 /xM, h = 2.0; for 
hCNGB3 S435F + hCNGA3 channels, K^^ ^ 7.6 h ^ 1.1; 
for hCNGB3 T383f s.A + hCNGA3, Ky^ = 10 /aM, h = 2.0. /), represen- 
tative dose-response relationships for activation of homomeric and 
heteromeric channels by cAMP; symbols are the same as in C. Currents 
were normalized to the maximum current elicited by a saturating 
concentration of cGMP. For these fits, the following parameters were 



used. For homomeric hCNGA3 channels, K.j 



1209 fiM, h = 1.4, 



4.axcAMP = 016; for wild type hCNGB3 + hCNGAS channels, Ky^ = 
954 tJiM, h = 1.5, /„^^p = 0.35; for hCNGB3 S435F + hCNGA3 
channels, Ky^ = 170 ^M, h = 1.3, I^^^eAMP = 0-45; for hCNGB3 • 
T383fs.A ■¥ hCNGA3, K^^^^ = 1214 yM, h = 1.3, /„,^^ip = 0.20. 

generates heteromeric channels with properties that differ 
from channels formed by hCNGAS subimits alone. The altered 
functional properties include an increase in the relative agonist 
efficacy for cAMP (Fig. LB), a small but significant decrease in 
the apparent affinity for cGMP and increase in apparent affin- 
ity for cAMP (Fig. 1, C and D), and sensitivity to regulation by 
calcium-calmodulin (7). In addition, wild type heteromeric 
channels exhibited significantly altered steady-state outward 
rectification for currents elicited by saturating concentrations 
of cGMP and cAMP (Fig. IB), /^so mv/^-so mv in 1 mM cGMP 



was 1.30 ± 0.02 (n = 53) for heteromeric channels and 1.50 ± 
0.03 (n == 12) for homomeric CNGA3 channels (p < 0.05); in 10 
mM cAMP, /^80 mv/^-80 mv was 2.81 ± 0.11 (n = 42) for hetero- 
meric channels and 2.00 ± 0.05 (n = 12) for homomeric CNGA3 
channels (p < 0.05). Thus, the presence of the human CNGB3 
subunit tunes the activation properties of recombinant hetero- 
meric cone CNG channels. 

Co-expression of CNGB3 subunits containing the achroma- 
topsia-associated S435F mutation with CNGA3 subunits gen- 
erated channels exhibiting robust cyclic nucleotide-activated 
currents (Fig. LB) but with properties differing from both wild 
type heteromeric channels and homomeric CNGA3 channels. 
The level of functional expression for mutant heteromeric chan- 
nels was somewhat reduced compared with channels including 
wild type CNGB3 subunits; the mean patch ciurent density 
was 580 ± 82 pA//xm^ (n - 42) for wild type heteromeric 
channels and 390 ± 106 pA/ptm^ {n = 10) for S435F-containing 
channels (p < 0.05) when co-injected with hCNGAS under 
identical conditions. For S435F-containing charmels, the rela- 
tive agonist efficacy for channel activation by a saturating 
concentration of cAMP compared with maximal activation by 
cGMP (/^axcAMp/^maxcGMP = 0.33 ± 0.03; u = 23) resembled 
wild type heteromeric channels (0.36 ± 0.01; n - 37) but not 
homomeric hCNGAS channels (0.12 ± 0.01; n = 48) (Fig. LB), 
confirming that these mutant CNGB3 subunits combined with 
CNGA3 subunits to form functional heteromeric channels. The 
macroscopic current records do not reveal if the mutation al- 
tered the absolute efficacy of cAMP or cGMP. Steady-state' 
rectification in the presence of a sat;irating concentration of 
cAMP (1.34 ± 0.04; n = 17) was significantly reduced (p < 
0.001) compared with both homomeric CNGA3 channels and 
wild type heteromeric channels. Steady-state rectification in 
saturating cGMP (1.42 ± 0.02; n = 36) was intermediate be- 
tween that of homomeric hCNGAS channels and wild t3^e 
heteromeric channels (Fig. IB). Furthermore, fits with the Hill 
equation of the dose-response relationships for activation of 
S4S5F-containing heteromeric channels (Fig. 1, C and D) dem- 
onstrated an increase in the apparent affinity for both cAMP 
(Ky2 = ± 12 jllm; n = 14) and cGMP {Ky2 = 9-2 ± 0.4 txu; 
n - 25) compared with activation of wild type heteromeric chan- 
nels (for cAMP, = 846 ± 33 pM, n = 54; for cGMP, Ky^ = 
15.8 ±0.3 p.M, n - 61). In addition to the change in apparent 
affinity for cAMP and cGMP, the S4S5F mutation reduced the 
Hill slope from 1.5 ± 0.3 (n = 54) and 2.0 ± 0.2 (n = 61), 
respectively, for wild type heteromeric channels, to 1.1 ± 0.2 
(n = 14) and 1.4 ± 0.3 (n = 25), respectively, for mutant 
heteromeric channels. The apparent affinities also differed sig- 
nificantly from those of homomeric CNGA3 channels for both 
cAMP {Ky2 = 1212 ± 37 pu; n - 53) and cGMP (Ky^ ^ 12.9 ± 
0.5 /utM; n = 62) (p < 0.001) (Fig. 1, C and D). These results 
indicate that the activation properties of heteromeric cone 
CNG channels are modified by the S4S5F mutation in the 
CNGB3 subunit. 

In contrast, co-expression of hCNGAS subunits with 
hCNGBS subunits containing a different achromatopsia muta- 
tion, T383f.s.AC, generated CNG channels with properties in- 
distinguishable from homomeric CNGAS channels. First, the 
steady-state rectification properties of the expressed channels 
were similar to those of homomeric CNGAS channels; I+qq 
mv//_8o mV in 1 mM cGMP was 1.46 ± 0.04 (n = 8) and 2.26 ± 
0.06 (n = 8) in 10 mM cAMP (Fig. LB). Second, the relative 
efficacy of cAMP (0.13 ± 0.01; n = S) and the apparent affini- 
ties for cAMP (Ky2 = 12.3 ± 0.2 pM; n = 8) and cGMP (Ky2 = 
1230 ± 77 /xm; n = 8) were not significantly changed by the 
truncated hCNGBS subunit (Fig. 1, B-D). Third, functional 
expression level for the hCNGAS-like channels was qualita- 
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tively unaffected by the presence of hCNGB3-T383f.s.AC sub- 
units; under the same experimental conditions, patch current 
density was 591 ± 137 pA/^m^ {n = 9) for hCNGA3 plus 
hCNGBS T383f S.AC and 589 ± 156 pA/fxm^ (n = 18) for 
hCNGA3 alone. Thus, not only did the basic properties of CNG 
channels generated by co-injection of mRNA encoding hCNGA3 
and hCNGB3-T383f S.AC subunits resemble homomeric 
hCNGA3 channels, but also no apparent dominant-negative ef- 
fect of the truncated hCNGB3 subunit was evident. These results 
are consistent with the idea that complete functional absence of 
the modulatory CNGB3 subunit can be critical for the develop- 
ment of achromatopsia and that homomeric hCNGA3 channels 
are not sufficient for normal cone photoreceptor fimction. 

Plasma Membrane Targeting of Recombinant Cone CNG 
Channel Subunits — The pathological basis of many disease- 
associated mutations in the genes that encode ion channels has 
been attributed to impaired folding, assembly, and/or plasma 
membrane targeting of channel subunits or complexes. In ad- 
dition, photoreceptor dysfunction and degeneration have been 
associated with mutations that disrupt the processing and traf- 
ficking of proteins normally targeted to the photoreceptor outer 
segment (for review, see Ref 27), Furthermore, a mutation in 
CNGAl linked to retinitis pigmentosa has been shown to dra- 
matically alter the plasma membrane targeting of recombinant 
rod CNG channel subunits (28-30). Thus, we were interested 
in determining whether achromatopsia-associated mutations 
in hCNGBS impaired the assembly and cell-surface localization 
of recombinant cone CNG channels. 

To address this question we engineered gene fusions of GFP 
with the amino-terminal regions of the respective human cone 
CNG channel subunits, generating GFP-hCNGA3 and GFP- 
hCNGBS. GFP-tagged subunits provide a convenient means to 
assess cell-surface localization of CNG channel subunits in 
oocytes using confocal microscopy. The functional properties of 
GFP-tagged subunits in the context of both homomeric (for 
hCNGAS) and heteromeric channels were indistinguishable 
from those of non-tagged subimits (data not shown). We first 
investigated the effect of co-expression of wild type or mutant 
hCNGBS subunits on the siuface expression of GFP-tagged 
hCNGAS subunits (Fig. 2, A and B). GFP-hCNGA3 mRNA was 
injected into oocytes either alone or in combination with 
mRNAs encoding non-tagged hCNGBS subunits. For these ex- 
periments, the amount of GFP-hCNGAS mRNA injected was 
held constant, and the ratio of GFP-hCNGAS to non-tagged 
hCNGBS or control mRNA was fixed at 3:1, a ratio fully effec- 
tive for the formation of heteromeric channels (data not 
shown). Compared with the expression of hCNGAS subunits 
alone, co-expression of wild-t5rpe hCNGBS subunits attenuated 
plasma membrane localization of the GFP-tagged hCNGAS 
subunits (Fig. 2, A and B). hCNGB3-S435F subunits similarly 
attenuated surface fluorescence of GFP-hCNGAS subunits, in- 
dicating that these mutant p subunits are competent for as- 
sembly with a subunits. In contrast, co-expression of hCNGBS 
TS8Sf S.AC did not significantly alter GFP-hCNGAS surface 
fluorescence, suggesting that the carboxyl-terminal region of 
hCNGBS may be important for assembly with hCNGAS sub- 
units or for trafficking control of cone CNG channels. Co-injec- 
tion of either an irrelevant mRNA species transcribed from a 
lacZ gene construct in the same vector or of mRNA for non- 
tagged hCNGAS had no significant effect on surface fluores- 
cence of GFP-hCNGAS (Fig. 2BI These controls confirm that 
attenuation of GFP-hCNGAS surface expression by hCNGBS 
did not arise from a nonspecific effect, such as overwhelming 
the oocj^e protein synthesis machinery. 

Reduced surface fluorescence of GFP-hCNGAS subunits may 
result from intracellular retention or recycling of channel com- 
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Fig. 2. Assembly and plasma membrane targeting of hCNGAS 
and hCNGBS subunits. A, confocal images of Xenopus oocytes in- 
jected with mRNA encoding GFP-tagged hCNGAS (hA3) subunits and 
non-tagged hCNGBS ihB3) wild type or achromatopsia-mutant sub- 
imits. The amount of GFP-hCNGA3 mRNA injected was held constant, 
and the ratio of GFP-hCNGAS to other mRNA was 3:1. B, bar graph of 
surface fluorescence in = 21-48). The fluorescent signal was normal- 
ized to the mean fluorescence of oocytes expressing GFP-hCNGAS alone 
from the same experimental group. hCNGBS wild type and S435F 
significantly reduced surface expression of GFP-hCNGAS (*,/> ^ 0.001). 
Co-injection of an equal amount of hCNGB3-T383f s.A mRNA, an irrel- 
evant mRNA species (lacZ), or mRNA for non-tagged hCNGAS had no 
significant effect on GFP-hCNGA3 surface fluorescence. C, represent- 
ative immunoblot of lysates from oocytes expressing GFP-hCNGAS 
alone or with wild type or mutant hCNGB3 subimits, as in B. D, 
confocal images of oocytes injected with mRNA encoding GFP-tagged 
hCNGBS wild type or S435F subunits with or without non-tagged 
hCNGAS subunits. The amount of wild type or mutant GFP-hCNGBS 
mRNA was kept constant, and the ratio of GFP-hCNGB3 to hCNGA3 
mRNA was 5:1. bar graph of surface fluorescence (n = 9-57) as 
shown in D. The fluorescent signal was normalized to the mean fluo- 
rescence of GFP-hCNGA3-expressing oocytes from the same experi- 
mental group. hCNGAS promoted surface locahzation of GFP-tagged 
wild type and S435F hCNGBS subunits (*, p < 0.01; **, p < 0.001). 
Western blot of lysates from oocytes expressing GFP-tagged wild type 
iwt) or mutant hCNGB3 subunits with and without hCNGA3, as in E. 

plexes or from reduced hCNGAS protein levels. To help dis- 
criminate between these possibilities, we used immunoblots of 
total solubilized oocjrte protein probed with anti-GFP antibody 
to qualitatively assess the relative levels of GFP-hCNGAS pro- 
tein in the absence or presence of hCNGBS subunits. Western 
blotting suggested that GFP-hCNGAS protein levels were not 
substantially altered by co-expression of wild type or mutant 
hCNGBS subunits (n = 3; Fig. 2C). Together, these results 
imply that CNGB3 subunits may provide a brake, regulating 
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Fig. 3. Effect of S435F mutation in 
hCNGB3 on the monovalent cation 
selectivity of heteromeric cone CNG 
channels. A, sequence alignment of the 
S6 region of hCNGB3 with other CNG 
channel subunits and various chan- 
nels. Highlighted in gray shadow are 
small volume side chains aligned with 
Ser-435 {bold) in hCNGBS; underlined 
residues in the KcsA and MthK sequences 
extend side chains into the pore in the 
respective crystal structures (31, 32). 
B-D, representative I-V relationships un- 
der symmetrical bi -ionic conditions with 
the indicated test ion on the cytoplasmic 
face of the inside-out patch and Na^ on 
the extracellular side, for homomeric 
hCNGA3 {hA3) channels (B), wild-type 
heteromeric channels (C), and hetero- 
meric channels formed with hCNGBS 
(/iB3)-S435F subunits (D). 
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trafficking of heteromeric cone CNG channels. 

Next we examined the cell-surface localization of wild type 
and mutant GFP -hCNGBS subunits in the absence or presence 
of non-tagged hCNGAS subunits. For these experiments, the 
amount of wild type or mutant GFP-hCNGB3 mRNA injected 
was held constant, and the ratio of GFP-hCNGB3 mRNA to 
non-tagged hCNGAS mRNA was 5:1. Only low level surface 
fluorescence for GFP-hCNGB3 was detected when these sub- 
units were expressed alone (Fig, 2, D and E), This result im- 
plies that hCNGBS subunits are only marginally competent to 
traffic to the plasma membrane of oocytes in the absence of 
hCNGA3 subunits, perhaps contributing to their failure to 
form functional channels when expressed alone, Co-expression 
of hCNGAS subunits promoted surface expression of GFP- 
hCNGBS subunits. GFP-tagged hCNGBS S435F subunits also 
exhibited little surface fluorescence when expressed alone, and 
surface expression of S435F subunits was similarly enhanced 
by hCNGAS (Fig. 2, D and E). Surface fluorescence of GFP- 
hCNGBS S435F subunits was reduced compared with wild type 
GFP-hCNGBS subunits imder identical conditions both in the 
absence and presence of hCNGAS subunits, paralleling the 
reduced level of functional expression observed for S4S5F mac- 
roscopic currents. Furthermore, immunoblots of total oocyte 
protein probed with anti-GFP antibody suggested that the rel- 
ative amounts of GFP-tagged hCNGBS and hCNGBS-S4S5F 
protein were qualitatively similar and that protein levels were 
obviously changed by co-expression of hCNGAS (n = S; Fig. 2F). 
In contrast to hCNGBS wild type and S4S5F subunits, GFP- 
tagged hCNGBS TSSSf.s.AC subunits exhibited greater surface 
fluorescence when expressed alone, and surface fluorescence 
was not significantly enhanced by hCNGAS subunits. Overall, 
results shown in Fig. 2 indicate that (a) hCNGAS subunits 
promote or stabilize plasma membrane localization of hCNGBS 
subunits, (6) the S435F mutation in hCNGBS does not impede 
assembly with hCNGAS subunits but may instead hinder traf- 
ficking of subunits to the plasma membrane, and (c) the car- 
boxyl-terminal region of hCNGBS may participate in channel 
assembly and/or may be important for subunit trafficking. 

Pore Properties of Wild Type and Mutant Heteromeric Cone 
CNG Channels — Sequence homology between hCNGBS and 
related potassium-selective channels such as KcsA (SI) and 
MthK (32) (Fig, SA) suggests that Ser-4S5 may contribute to 
the pore of cone CNG channels. Thus, we were interested in 
determining if the S4S5F mutation in hCNGBS influences the 
pore properties of recombinant cone CNG channels. First we 



examined the monovalent cation selectivity of homomeric and 
heteromeric cone CNG channels by measuring the reversal 
potential under symmetrical bi-ionic conditions, substituting 
intracellular Na"" with K^, Li^, Rb^, or Cs"" (Fig. S, B-D), The 
relative monovalent cation permeabilities for recombinant cone 
CNG channels, determined using the Goldman-Hodgkin-K^tz 
equation, are shown in Table I, For homomeric hCNGAS chan- 
nels, K"" > Na^ > Rb"^ > Li+ > Cs*^; for heteromeric hCNGBS + 
hCNGAS channels, Rb"' > K"" > Na"' > Li^ > Cs^; for hC- 
NGBS S4S5F + hCNGAS channels, Na^ > K^ > Rb"' > Li* > 
Cs"^. The relative conductance sequences for outward currents 
measured at +80 mV were as follows: for homomeric hCNGAS 
channels, Na"^ > K^ > Li^ > Rb"^ > Cs^; for heteromeric 
hCNGBS + hCNGAS channels, Na^ > K"" > Li^ > Rb"' > Cs""; 
for hCNGBS S4S5F + hCNGAS channels, Na"" > K"' > Li"" > 
Rb'' > Cs"^. Overall, channels formed with hCNGB3-S4S5F 
subunits exhibited subtle differences in relative monovalent 
ion selectivity and conductance compared with both wild type 
heteromeric channels and homomeric hCNGAS channels. 
Small changes in ion selectivity and conductance might arise 
from a local structural perturbation of the pore due to the 
S4S5F mutation. Minimally, these results are consistent with 
the participation of mutant hCNGBS subunits in the formation 
of the cone CNG channel ion conduction pathway. 

We also investigated the effect of the S4S5F mutation on the 
single channel properties of recombinant cone CNG channels. 
The single channel current amplitude at +80 mV for wild type 
hCNGBS plus hCNGAS heteromeric channels was S.26 ± 0.08 
pA (n = 4 patches) (Fig. 4A). The corresponding single channel 
conductance (-^41 picosiemens) was similar to that reported 
previously for mouse CNGBS plus CNGA3 channels (6). For 
S435F-containing heteromeric channels, the single channel 
current amplitude at +80 mV was reduced to 2.55 ± 0,19 pA 
(n = 4 patches) (Fig. 4S), representing a single channel con- 
ductance of ~S2 picosiemens. Furthermore, for activation of 
heteromeric channels by a saturating concentration of ligand, 
the maximum open probability (Pmax) increased from 0.76 ± 
0.02 in 1 mM cGMP and O.Sl ± 0,02 in 10 mM cAMP for 
wild-type heteromeric channels (Fig. 4A) to 0.88 ± O.OS and 
0.S9 ± 0.04, respectively, for channels containing S435F sub- 
units (Fig. 4B). Thus, the absolute agonist efficacy of cAMP and 
of cGMP increased for S4S5F-containing heteromeric channels, 
but the agonist efficacy of cAMP relative to cGMP (P^ax camp^ 
^max cGMp) remained similar to that of wild type heteromeric 
channels (—0,4) and was in reasonable agreement with the 



34538 Effects of Achromatopsia Mutations in Human CNGB3 

Table I 

Permeability and conductance ratios 



Data are the mean ± S.D.; n 


= 6-12 patches. 










Ion 


hCNGAS 


hCNGBS + hCNGAS 


hCNGB3 S435F + hCNGAS 










P^P^a 




Na"^ 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 




1.04 ± 0.04 


0.66 ± 0.14 


1.06 ± 0.09 


0.97 ± 0.06 


0,97 i 0.06 


0.68 ± 0.07 


Li^ 


0.56 ± 0.02 


0.36 ± 0.18 


0.74 ± 0.10 


0.48 ± 0.10 


0.61 ± 0.03 


0.35 ± 0-07 


Rb" 


0.96 ± 0,08 


0.20 ± 0.11 


1.27 ± 0.11 


0.45 ± 0.10 


0.94 ± 0.30 


0.31 ± 0.11 


Cs^ 


0.37 ± 0.15 


0.13 ± 0.12 


0.55 ± 0.07 


0.14 ± 0.03 


0.43 ± 0.15 


0.13 ± 0.08 



relative agonist efficacy observed with macroscopic current 
recordings. These results indicate that the achromatopsia- 
associated S435F mutation decreased the single channel con- 
ductance and increased the open probability (at saturating 
ligand concentrations) of recombinant heteromeric cone CNG 
channels. 

Next we examined the sensitivity of wild type and mutant 
cone CNG channels to block by L-cis-diltiazem. L-cis-Diltiazem, 
applied to the cytoplasmic face of the membrane, blocks native 
photoreceptor CNG channels in a voltage-dependent manner, 
consistent with this agent binding within the membrane elec- 
tric field (33-35). For recombinant CNG channels, sensitivity 
to L-cis-diltiazem depends on the presence of CNGBl or 
CNGB3 subunits (6, 7, 24, 36). Like homomeric hCNGA3 chan- 
nels (4, 7), channels formed after co-injection of mRNA encod- 
ing hCNGB3 T383f.s. AC and hCNGAS were insensitive to L-cis- 
diltiazem (Fig. 5, A and B). Surprisingly, heteromeric channels 
generated by co-expression of hCNGB3-S435F and hCNGAS 
subunits were less sensitive to L-cis-diltiazem block than chan- 
nels containing wild type hCNGB3 subunits (7) but more sen- 
sitive than hCNGA3 homomeric channels (Fig. 5), suggesting 
that the mutation may directly or indirectly alter the binding 
site for the drug. In addition, S435F-contaimng channels were 
/ foxmd to be more sensitive to block by 25 /xm L-cis-diltiazem in 
low [cGMP] than in the presence of a saturating concentration 
of cGMP (Fig. 5C). Consistent with this observation, S435F- 
containing heteromeric channels were also more sensitive to 
L-cis-diltiazem in the presence of a saturating concentration of 
the partial agonist cAMP; in 10 mM cAMP, /diitiazem^^ was 
0.42 ± 0.11 in = 4) (data not shown). Homomeric hCNG3 
channels were also somewhat more sensitive to L-cis-diltiazem 
in low [cGMP] (Fig. 5C). Wild type heteromeric channels were 
blocked equally well in low or high [cGMP]. These results 
provide evidence indicating that a block by L-cis-diltiazem of 
cone CNG channels can exhibit closed-state dependence, as is 
the case in the tetracaine block of homomeric CNG channels 
(37), and that the altered gating properties of S435F-containing 
heteromeric channels may contribute to decreased sensitivity 
to L-cis-diltiazem. 

DISCUSSION 

We have characterized achromatopsia-associated S435F £m.d 
T383f.s.AC mutations in human CNGB3 using heterologous 
expression in Xenopus oocytes and have identified changes in 
both ligand sensitivity and pore properties for S435F-contain- 
ing channels. CNGB3-S435F subunits formed functional het- 
eromeric channels with altered properties when co-expressed 
with hCNGAS subunits, whereas CNGB3-T383f.s.AC subunits 
did not participate in channel formation. One of the most 
dramatic changes observed with S435F-containing channels 
was a greater than 4-fold increase in cAMP sensitivity. S435F- 
containing channels also exhibited a modest increase in appar- 
ent affinity for cGMP. In addition, single channel recordings 
revealed an increase in open probability for both cGMP- and 
cAMP-bound mutant heteromeric channels. These results in- 
dicate that the gating properties of heteromeric channels are 



altered by the S435F mutation. 

Most members of the superfamily of ion channels that in- 
cludes potassium-selective channels and CNG channels pres- 
ent small volume amino acid side chains (Ala, Ser, or Gly) at 
positions aUgning with Ser-435 in hCNGBS (Fig. 3A). The Van 
der Waals volumes (in A^) of the amino acids alanine, serine, 
and glycine are 67, 73, and 48, respectively (38). For the re- 
cently described crystal structure of the open MthK potassium 
channel, the residue in MthK (Ala-88, Fig. 3A) that aligns with 
Ser-435 in hCNGBS forms the narrowest part of the MthK 
intracellular "entryway" (32). Jiang et al. (32) argue that a 
small side chain at this position seems important to prevent 
interference with ion conduction. If Ser-435 is similarly posi- 
tioned in open cone CNG channels, then the reduced single 
channel conductance (Fig. 4) and altered sensitivity to block by 
L-cis-diltiazem (Fig. 5) that we have observed for mutant het- 
eromeric channels may arise at least in part from the increased 
size of the substituted amino acid (135 for phenylalanine) in 
the hCNGBS subunit. Furthermore, the inner hehx (86) bundle 
of CNG channels is thought to undergo a conformational 
change during channel activation (39, 40) that may be similar 
to the outward displacement proposed for K"^ channels (32, 41, 
42). We hypothesize that S435F may effectively destabihze the 
closed state of the channel if the bulky aromatic side chain is 
more difficult to accommodate in the closed conformation, per- 
haps because the smaller side chain normally found at this 
position in CNG channels is packed or buried when channels 
close (see Ref 43). This would account for the increase in ligand 
sensitivity seen with S435F-containing heteromeric channels. 

The increase in ligand sensitivity reported here for recombi- 
nant cone CNG channels containing the S435F mutation in the 
CNGBS subunit would be consistent with a phenot3T)e of en- 
hanced channel activity. This suggests that in cone photorecep- 
tors of patients with this mutation, CNG channels may fail to 
close appropriately as intracellular concentrations of cGMP (or 
cAMP) fall in response to light stimulation or other, slower 
adaptive processes. Elevated photoreceptor cyclic nucleotide 
levels have been previously associated with other congenital 
retinal disorders (44). In addition, native cone CNG channels 
and recombinant homomeric CNGA3 channels display remark- 
ably high calcium permeability (45-49). Possible cellular mech- 
anisms for impaired cone photoreceptor function in achroma- 
topsia may depend on altered calcium homeostasis. Because 
calcium is a universally critical intracellular signaling mole- 
cule and plays a particularly important role for recovery and 
adaptation in cone photoreceptors (50, 51), even subtle changes 
in CNG channel function may have profound cellular conse- 
quences. Also, future studies should address the question of 
whether the S4S5F mutation in hCNGBS may alter the calciimi 
permeability of heteromeric CNG channels. 

Co-expression of hCNGBS-T383f.s.AC subimits with hCNGAS 
subunits generated CNG channels indistinguishable from ex- 
pression of hCNGAS subunits alone. Unlike wild type or S435F 
CNGBS subunits, TSSSf.s.AC subunits did not suppress cell- 
surface fluorescence of GFP-tagged hCNGAS subunits. Further- 
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Fig. 4. Single channel activity of wild type and S435F-containing 
heteromeric cone CNG channels. Examples of inside-out patches con- 
taining one or two CNG channels are shown, excised firom oocytes express- 
ing hCNGB3 (hB3) 4- hCNGA3 (hA3) (A) or hCNGB3 S435F + hCNGA3 (B) 
heteromeric channels. Currents were ehdted at a membrane potential of 
+80 mV by a saturating concentration of cGMP (1 mM) or cAMP (10 mM). C, 
closed channel mean current level. O, current level(s) for open channel(s). 
Scale bars are identical for A and B. Amplitude histograms {right) were 
accumulated from 1 to 5 s of recording and fit by the sum of two (5) or three 
(A) gaussian functions. For wild type hCNGBS + hCNGA3 channels (A) in 
the presence of a saturating concentration of cGMP (1 mM), i ~ 3.33 pA, and 
= 0.78; in a saturating concentration of cAMP (10 mM), i = 3.37 pA and 
= 0.28. For hCNGB3 S435F + hCNGA3 channels (B), in 1 mM cGMP, i = 
2.41 pA, and P^ = 0.86, and in 10 mM cAMP, i = 2.13 pA, and P„ = 0.43. 

more, no dominant-negative effect on functional hCNGAS ex- 
pression was observed, in contrast to the current suppression 
effects reported for similarly truncated K"^ channel subimits (52). 



hA3 



hB3 + hA3 



5nAl_ 
20 ms 



I 2nAL 

-J ^ 



I dtltiazem 



;0.5 



0.2 



hB3-S435F + hA3 hB3 f.s.AC + hA3 
-•diltiazem 



1 10 100 

[dOtiazem] (hM) 



0.2 nAL. 
20 ms 



IT' 



S 



1.0- 
O.B- 
• 0,6- 
j 0.4- 
0.2' 
0 



■ highcGMP « 
□ lowcGMP ^ 

juJ 



hA3 hB3+tiA3 hB3^35F 
t-hA3 

Fig. 5. L-cis-Diltiazem block of heteromeric channels formed 
by co-expression of hCNGAS with wild type or mutant hCNGBS 
subunits. A, representative current traces elicited by 100 ^lm cGMP in 
the absence or presence (thick line) of 25 jixM L-cis-diltiazem for homo- 
meric hCNGA3 ihA3) channels and for channels generated by co-ex- 
pression of hCNGA3 with wild type or mutant hCNGB3 {hB3) subunits. 
Current traces were elicited by voltage steps from a holding potential of 
0 mV to +80 mV, then to -80 and 0 mV. Leak currents in the absence 
of cyclic nucleotide were subtracted for all recordings. J5, dose-response 
relationships for block by L-cis-diltiazem in the presence of 100 /iM 
cGMP of homomeric hCNGA3 channels (filled circles) and channels 
produced by co-injection of hCNGA3 with wild type hCNGB3 (open 
circles), hCNGBS S435F {filled squares), or hCNGB3 T383f.s.AC {open 
squares) (same representative patches as in A). Currents were normal- 
ized to the current elicited by 100 m-M cGMP in the absence of L-cis- 
diltiazem. Continuous curves represent fits of the dose-response rela- 
tion to the Hill equation in the form: /diitiazem^^ ~ {^■U2'l{^y2^ + 
[diltiazem]'^)). For heteromeric hCNGB3 + hCNGA3 channels, Ky^ 
diltiazem = 5.8 ^lM, and h = 0.8. Both homomeric hCNGAS channels 
and channels formed by co-expression of hCNGA3 with hCNGBS 
T38Sf S.AC were insensitive to L-cis-diltiazem {K^ :$> 100 ^lm). Chan- 
nels formed by co-injecting hCNGAS with hCNGB3 S4S5F exhibited 
intermediate sensitivity to block by L-cis-diltiazem, C, state dependence 
of cone CNG channel block by L-cis-diltiazem. S435F-containing chan- 
nels were more sensitive to block by 25 piM L-cis-diltiazem in 10 yM 
cGMP {open bars) than in 100 /liM cGMP {closed bars) (*,p < 0.01) and 
more sensitive than homomeric hCNGAS channels at the corresponding 
concentrations (p < 0.05 and p < 0,01, respectively). 



One possible explanation is that the cytoplasmic carboxyl- 
terminal domain of CNGB3 may be critical for assembly with 
CNGA3 subunits. In relation to this possibility, it has been pro- 
posed previously that intersubunit interactions between cyto- 
plasmic amino- £md carboxyl-terminal domains may be involved 
in assembly of olfactory (53) and rod (22, 29, 54, 55) CNG chan- 
nels. In addition, homotypic interactions among the carboxyl- 
terminal domains of CNGAl, CNGA2, or CNGA3 subunits have 
been recently demonstrated (66). Further experiments are 
needed to define the important intersubunit contacts that control 
the assembly of cone (5nGB3 and CNGA3 subunits. Data pre- 
sented here for hCNGBS T383f.s.AC are consistent with the 
recessive inheritance pattern of the disease £md with the likeH- 
hood that channels made up of hCNGA3 subunits alone are not 
sufficient for normal cone photoreceptor function. Although 
heterologous expression studies indicate that hCNGAS subunits 
can form functional channels by themselves, cone photoreceptors 
probably require specialized CNG channels composed of both 
CNGA3 and CNGB3 subunits. Thus, in patients with this frame- 
shifl mutation, cone dysfunction may arise from the complete 
lack of serviceable hCNGBS subimits. 

For GFP-tagged hCNGB3 TSSSf.s.AC, enhanced surface flu- 
orescence of these truncated subunits when expressed alone 
suggests that the cjrtoplasmic carboxyl-terminal domain of 
CNGB3 may contain a control signal that limits plasma mem- 
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brane localization of CNGB3 subunits in the absence of CNGA3 
subiinits. Because CNGB3 subunits do not form functional 
homomeric channels, we do not expect these truncated CNGB3 
subunits to form tetramers. It is possible that aberrant tsirget- 
ing of hCNGB3-T383f S.AC subunits in cone photoreceptors 
may contribute to the development of achromatopsia. Elegant 
experiments with inwardly rectifying potassium channels have 
recently identified distinct signals that control the trafficking 
of the subunits to the plasma membrane; these signals include 
sequence motifs for endoplasmic reticulum retention/retrieval 
(57) and other motifs that promote endoplasmic reticulum exit 
and cell-surface expression (58, 59). Such signals are thought to 
be vital for the control of chaimel makeup (heteromultimeriza- 
tion) and of the density of channels at the plasma membrane 
(57, 59). Human CNGB3 subimits may possess similar traffick- 
ing signals within the carboxyl-terminal domain that lead to 
intracellular retention of CNGB3 subunits (in the absence of 
CNGA3 subunits) and of incompletely assembled channels. 

Overall our results indicate that T383f s.AC is effectively a 
null mutation, whereas the pathogenicity of the S435F muta- 
tion may arise from a complex of effects, an increase in ligand 
sensitivity, changes in the pore properties, and a decrease in 
functional expression level of heteromeric channels. A subtle 
decrease in patch current density and cell-surface localization 
after heterologous expression, however, cannot be readily ex- 
trapolated to predict the effect of mutations on cone CNG 
channel density or makeup in vivo. Thus, animal models ex- 
pressing achromatopsia-associated mutations may be required 
to address this question more definitively. Results presented 
here provide a rational basis for the generation of mutant mice 
containing select achromatopsia mutations in the CNGB3 
subunit. 
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